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The relationships of plants to the minerals in their growing medium is 
at least partially recognized and appreciated by anyone who has tried to 
make a flower bed healthy or get the lawn to look respectable. Few of 
us appreciate the converse idea that the response of plants to minerals 
in the soil makes at least some plants useful in pointing out excessive 
o r  deficient amounts of such minerals. The development of this idea into 
c7 prospecting tool has been investigated for centuries by various individ- 
uals concerned with t%e location of mineral resources. Recent and current 
development of a variety of sophisticated instruments for the surveying 
of the earth and its cover from various altitudes has resulted in new 
techniques of resource monitoring, such as forest reserve inventory, 
grazing land evaluation, and even the location of areas apparently hav- 
ing characteristics of mineral-rich lands. 
This monograph was undertaken to bring together the growing technology of 
remote sensing of environment with the advancing techniques of biogeo- 
chemistry: 
species which reside in their vicinity. This survey is neither intended 
to be a textbook on prospecting nor an exhaustive treatise on geology or 
botany. 
that exist in combining the techniques of botany, geology, and reconnais- 
sance into one of the several tools for more efficiently locating natural 
resources, whether they be mineral, forest, or water. The survey on bio- 
geochemical prospecting is not exhaustive, but is intended to establish 
the state of the art of biogeochemistry and techniques useful in that 
science. 
the study of the relationship o f  minerals to the biological 
It represents an effort to bring into focus the possibilities 
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A- 1 
ABSTRACT 
The application of  a combination of disciplines into the hybrid science 
termed biogeochemistry has gained momentum in recent decades, bringing 
the benefit of research into the overlapping areas o f  geology, biology, 
and chemistry. This report coalesces these technologies in a coherent 
interrelationship for application to mineral prospecting. This partic- 
ular prospecting method is still undergoing the slow refinement process 
any new science must; however, it has been demonstrated to be a valuable 
addition to prospecting technology. Theoretical concepts are presented 
herein, including the geochemical cycle through which chemical elements 
pass in the process o f  becoming plant nutrients, the physiological re- 
quirements necessary for plant growth, and the interrelationship of these 
two bodies o f  knowledge which are directly applicable to the solution of 
the problem o f  prospecting. 
The location o f  certain minerals has been accomplished in various parts 
of  the world using this biogeochemical knowledge. 
pecting techniques is possible and in progress, using the techniques o f  
remote sensing at various altitudes. The direct applicability of  remote 
sensing has been shown by recent NASA work. 
observation to prospecting and, further, to integrating biogeochemistry 
as a general tool for aiding mankind, are becoming available. This col- 
lection of the essentials of  the sciences amalgamated into biogeochemistry, 
together with recent developments in remote sensing of environment, de- 
lineate the possibilities which exist f o r  general application. 
Modernization o f  pros- 
The means of  applying aerial 
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INTRODUCTION 
The rapidly expanding population of the world, with its accompanying 
technological advances, is consuming natural resources at nearly unbe- 
lievable rates. 
since the first of the century has already exceeded the total use of raw 
materials in all the previous years of man's existence put together 
(W. A. Fischer, 1967). 
with the irreversible disappearance of natural resources. It also poses 
new problems in the locations o f  yet undiscovered supplies. 
It has been estimated that the consumption of supplies 
This is a sobering thought to those concerned 
In pre-20th century America, ore bodies of valuable materials were found 
exposed at the surface of the earth as outcrops, in relatively accessible 
position. Today, these more convenient sources are gone, long since manu- 
factured into cars, wires, and myriad other products. Hidden sources of 
raw materials are being sought, under whatever rock, sand, or soil cover 
they may lie (H. L. Cannon, 1960). 
, 
Prospecting in the recent and far past has been largely a process o f  more 
or  less random selection of an area for surveillance, trekking across it 
by foot, burro, or jeep, and periodically taking any unusual rock or soil 
sample for closer examination or analysis by some assayer. This process, 
with the aid of luck, intuition, sometimes know-how, and patience, at times 
rewarded the lone prospector or team of mining company geologists with a 
find o f  precious or lucrative materials. 
located, other lodes were sought in the immediate vicinity, so that from 
a "pinpoint" source some relatively large mining districts have been found. 
Once an area bearing riches was 
This concept of  working outward from a point source, as it were, may never 
become completely obsolete as a prospecting method. 
However, the technology of the space age is casting a new shadow of possi- 
locating and inventorying natural resources across this old 
technique. A new concept of moving from a wide surveillance o f  the earth's 
1 
surface to the pinpointing of mineral-rich 
using the tools of orbiting satellites and multispectral imagery to iden- 
tify likely areas in which to 
and chemical analysis, 
portions for closer exa 
has been shown technical 
graphic feats o f  the Ge 
unencumbered by the myopia att 
is becoming a comfortable one 
fields o f  forestry and land ma 
cannot help but appear attractive as a means of locating mineral resources, 
as well as geologic mapping. 
as is now becoming possible, 
Geologic observation on this grand, world-wide scale does have some 
problems. Over two thirds of the earth's land surface is covered with 
vegetation, of which some 42 percent is forest, 24 percent grasslands, 
and 21 percent desert shrubs and grass (Draeger, 1967). 
covering prevents direct viewing of most of the underlying soil and rocks 
for even casual estimation of their identity and economic value. The 
presence o f  that vegetation itself can, with the supplement o f  geological, 
botanical, and biogeochemical knowledge and experience, facilitate and 
accelerate the location o f  some mineral resources. The technique o f  
aerial observation, combined with sampling and analysis of plants growing 
in suspected mineralized areas, comprise the technology o f  biogeochemical 
prospecting . 
This vegetative 
The study of plants as a guide to mineral deposits has been done for cen- 
turies of  recorded prospecting, and probably many more of unrecorded 
searching. 
spectors who noted that a type of  holly plant graving in the area was also 
Alum deposits were discovered near Rome in the 1400's by pro- 
ers, 1967, p. 42A). Other me 
ores, such as "py 
reas, zinc flora in Belgium and 
wrote: Itin mountains, in which ores or other minerals 
2 
are present, growing trees us 
are pale and t 
rotten, before 
ships of plant 
century, and w 
Broad, in-depth research in biogeochemical prospecting began about 1945 
in Russia on a fairly large scale, and in Canada and the United States 
in a more limited range. Since 1945 in the USSR, a geobotanis 
included on all major geological expeditions; in 1955, the Russian Ministry 
of Geology and Conservation made biogeochemical work a mandatory part of 
all geological exploration (Cannon, 1960). 
areas in the USSR includes preparation of geobotanical maps, as a result 
of plant a n a l y s i s a n d i d e n t i f i c a t i o n .  Information of the same type of 
some areas in the United States and Canada is now available. 
Today, geological study o f  
The uscfulness of plants in prospecting arises from these facts: 
roots can, in an oversimplified sense, act as conduit systems f o r  carrying 
metals i n  solution up into the plant body, where, by one of several mech- 
anisms, the metals become incorporated into the plant's physiology; (2) the 
incorporation of the metals into the plant system may cause physical changes 
in the plant which are more o r  less readily discernable, visually, o r  by 
means of one o r  a combination of photographic techniques. 
(1) plant 
The first phenomenon makes the plant a storehouse for some metals that 
have come to the plant from the soil some distance around the plant, and 
from depths dependent upon the ground water situation and the root depth. 
Subsequent chemical analysis of  the plant which has concentrated metals in 
some part of its anatomy is then used to monitor the soil for metals. In 
avior o f  the metals, the pH o f  the soil and of 
he nutritional needs and metabolism of individual 
t in establishing what actually occurs in any given 
However, the ability of plants to "sample" the soil situation o r  locality. 
around them, and the advantages for field purposes offered by the compara- 
tively lighter-weight plant samples and accessibility of  plants in dense 
3 
underbrush o r  forest areas make this technique sufficiently attractive 
to merit consideration in a wide variety of sampling situations. 
advantage in sampling plants is clear in situations in which prospectors 
must battle rain-€orest-dense growth and carry out samples on foot. 
this case, plant samples, being lighter in weight and more representative 
of a larger area than a moist soil sample, can save a tremendous amount 
of effort (Brooks and Lyon, 1966). 
The 
In 
The second phenomenon, in which morphological changes are produced in 
plants by abnormal amounts of metal ions in their systems, offers a tech- 
nique for seeking out mineral ore bodies by optical methods to prospectors 
prepared to equip themselves with a minimum o f  background knowledge and 
understanding of tlie interplay between plants, topography, and chemistry 
of tlie region. Cyclic changes in plant appearance and health, with re- 
spect to time and extremes in weather, may complicate the application of 
this technique; but the rewards to be reaped in simplicity and speed may 
be we11 worth the effort spent in evaluating the applicability of this 
phenomenon t o  a given locale. 
of abnormal mineral concentrations on the absorption and reflectance of 
radiation in the near infrared, far infrared, visible, and radar regions 
of the spectrum, the possibilities for prospecting expand. With develop- 
ment, microwaves vi11 be a useful range. Ultraviolet reflectance and 
absorption study is not of general value in high-altitude observations 
because of atmospheric attenuation. Techniques for examining vegetation 
from orbital altitudes, while perhaps orginally conceived for purposes of 
surveying extraterrestrial bodies, may prove convenient means of inventory- 
ing the vegetative and geologic natural resources of the earth. 
A s  more research is done into the effects 
Because of the infinite variation in topography, climate, and geology in 
the earth's surface, the problems involved in carrying out meaningful in- 
vestigations using biogeochemical principles seem formidable, if not im- 
possibly complicated. However, the workers who have conducted such studies 
4 
(Warren et al, 1952) have concluded that the details involved in biogeo- 
chemistry are of the same complexity as in geophysical methods. Accord- 
ingly, this discussion will include geochemical, botanical, and chemical 
considerations deemed essential in the application of  biogeochemical 
techniques to prospecting, according to workers actively engaged in this 
encleavor. 
The manuscript is organized into three major topics: 
which provides background and presents technical details o f  (a) geology 
and chemistry, (b) botany, and the interrelationships o f  the three to 
(c) biogeochemical prospecting; (2) Biogeochemical Prospecting, which 
describes the application o f  the three scientific disciplines to pro- 
specting (literature survey) ; and (3) Remote Sensing Techniques, which 
presents the aerial observation technology with which biogeochemical 
prospecting can be conducted on a grand, overall-view scale, to seek out 
promising areas for closer scrutiny. 
(1) Theoretical, 
5 

TREORETICAL 
GEOCHEMICAL ASPECTS 
Most discourses on the subject o f  geochemistry as applied to minerali- 
zation and its effects on plants begins with a discussion of the gec- 
chemical cycle. This concept is a "Theoretical Model Created to Summarize 
the Behaviour of  Particular Chemical Elements in Nature." It provides 
a useful over-all picture of the dynamic geology of the earth, and inter- 
actions of various domains (J. A. C;. Fortescue, 1967). This model usually 
involves (1) a major cycle, consistiqg of broad processes, occurring in 
the uprer lithosphere, of igneous differentiation and metamorphism, and 
(2) a minor cycle, embracing the secondary weathering processes. 
latter includes the dispersion of the elemental components to different 
The 
parts o f  the earth's crust, and their reassembly into secondary rocks. 
Extreme change's, resulting from burial of the secondary rocks, may return 
them t? magmas, hence to the major cycle. The major cycle i s  a geological 
phenomenon occurring at depth below the surface of the earth. 
cycle, surface-associated by definition, is directly related to processes 
critical to the concept o i  biogeochemical prospecting. Some understanding 
of these processes is essential to the prospector to evaluate a given 
situation quickly in terms of the applicability of any of the various 
prospecting methods, biogeochemical in particular. 
The minor 
In the discussion of geochemical processes, terminology found in the 
literature is fairly consistent with respect to descriptions of the 
interacting regions and the processes. For example, dispersion in the 
geochemical cycle refers to the pattern o f  metal content distribution 
of soil, rock, water, or vegetation. Primary dispersion is that original 
distribution of materials which occurred when the molten magma reached 
the surface of the earth and separation of materials resulted from cooling 
and crystallization processes. 
of this original array of materials, by interaction of minerals with other 
Secondary disperions are re-distributions 
7 
minerals, water, air, o r  living organisms. Juvenile material is that coming 
to the surface for the first time. It is applied chiefly to gases' and waters. 
Processes involved in geochemical changes, represented as the geochemical 
cycles, include diagenesis, metamorphism, metasomatism, magmatism, and 
weathering. Diagenesis refers to processes involving physical and chemical 
changes in sediment after deposition which converts it to consolidated rock. 
These changes include compaction, cementation, recrystallization, and exchange 
of chemical species. Metamorphism is the alteration in composition, texture, 
or chemical structure by interaction with new chemical substances, pressure, 
and heat. Metasomatism is a replacement process, involving practically simul- 
taneous capillary solution and deposition of chemical species, resulting in 
alteration of  portions of one mineral into a whole new one. Magmatism refers 
to the development and movement of naturally occurring mobile (more or less 
liquid) rock material within the earth. 
of chemical action (air, rain, plants, and bacteria), and mechanical action 
(temperature and abrasion), which causes surface rocks to crumble eventually 
into soil through stages of alteration and decay. (Reference: Dictionarx 
of Geological Terms, Dolphin Books, Garden City, New York, 1962 Ed.) 
Weathering includes the processes 
The domains which are discussed in geochemical cycles are the lithosphere, 
atmosphere, hydrosphere, and biosphere. The lithosphere is the solid portion 
of the earth's crust; the atmosphere is the gaseous envelope surrounding the 
earth; the hydrosphere is usually taken as the water portion of the earth's 
crust, including water vapor in the atmosphere, the sea, rivers, and ground 
waters. The biosphere refers to the zone at and adjacent to the surface of 
the earth where life exists, and to all living organisms of the earth. 
Two examples o f  the many ways in which the geochemical cycle can be graph- 
ically shown are given as Fig. 1 and 2. 
simply the geochemical path available t o  materials brought to the surface of 
the earth by movement of magma o r  by general uplift of land. 
different environments at depth and on the surface are responsible for the 
gross differences between deep and surface rocks: 
H. E .  Hawkes (1957) outlines 
The vastly 
at depth, low amounts 
8 
of oxygen, and high temperatures  and pressures  r e s u l t  i n  "Plu tonic  rocks" 
of s e v e r a l  types. A t  t h e  su r face ,  t h e  environment which is encountered 
by emerging magmas i s  one of abundant oxygen, lower, f a i r l y  uniform p res su re ,  
and mild temperature.  This p a r t i c u l a r  model does no t  s p e c i f i c a l l y  inc lude  
t h e  p a r t i c i p a t i o n  of t h e  biosphere i n  t h e  weather ing processes  a c t i n g  upon 
rocks a t  t h e  su r face  of t h e  ea r th .  
bL I 
M,?LC' 
Figure 1, The Geochemical Cycle 
F igure  
and accen t s  t h e  role of b i o l o g i c a l  a c t i v i t y  i n  t h e  a l t e r a t i o n  of s u r f a c e  
rocks.  I n  t h i s  model, i n t roduc t ion  of t h e  weathered rocks i n t o  the  b iosphere  
is shown as proceeding from the lithosphere/hydrosphere interface; this detail, 
2 ,  from J. A. C .  For tescue  (1967), employs d i f f e r e n t  nomenclature 
and the  r e t u r n  of t h e  m a t e r i a l s  from t h e  b iosphere  t o  b iogene t i c  d e p o s i t s  a r e  
t h e  processes  p e r t i n e n t  t o  biogeochemical prospec t ing .  
9 
Figur e 2.  The Geochetnical Cycle (Modified Slightly After Mason, 1 958) 
An exhaustive discourse on the subject o i  weathering, and the chemistry 
involved, is beyond the scope of this work, since it encompasses the entire 
science of geochemistry. A short discussion will be undertaken, however, 
to introduce some concepts necessary to the topic of biogeochemistry, and 
to emphasize general types of chemical phenomena which change rocks into 
materials that the biosphere can and/or must incorporate into itself. 
The bulk of the relatively thin crust of the earth's land portions, which 
are more or less accessible to u s ,  consists of silicate rocks or their 
derivatives. The rocks are mineral aggregates formed by different and 
varying processes, and are of three types: igneous, metamorphic, and 
10 
sedimentary. The bulk of igneous rocks, which have originated from a 
magma source, consists of relatively few minerals, mostly silicates and 
oxides. The major types are quartz, feldspar, pyroxene, amphibole, micas 
(muscovite and biotite), olivine, garnet, magnetite, ilmenite, and apatite. 
Table 1 shows the gross compositions of these types of minerals. 
Metamorphic rocks are rocks formed by alteration of pre-existing rocks as 
a result of changes in equilibrium conditions, such as pressure and te,m- 
perature. The crystalline schists, which are metamorphic rocks, contain 
such minerals as secondary garnet, staurolite, kyanite, andelusite, cor- 
dierite, chlorite, and cericite. Table 2 indicates the gross compositions 
of these typical metamorphic minerals. 
Sedimentary rocks are formed by action of water, wind, o r  living organisms 
to decompose older rocks. Accumulations of  the sediments include fragments 
o r  particles of many sizes of rocks, organic residues, and chemical species 
deposited from the waters in which the sediments aggregate. The sedimentary 
rocks may contain, besides fragments of the igneous and metamorphic minerals 
mentioned above, considerable calcite, dolomite, and differentiated sedi- 
mentary products such as salts, gypsum, iron ores, sandstone and shale, as 
shown i n  Table 3 .  
Ores are rocks and minerals  which can be recovered p r o f i t a b l y .  Technica l ly ,  
'ore i s  a term r e f e r r i n g  only t o  metals o r  meta l - r ich  minera ls ,  bu t  has ,  by 
common usage, come t o  inc lude  a few nonmetal l ic  materials, such as s u l f u r  and 
f l u o r i t e .  Bui lding s tone  and i n d u s t r i a l  materials, c a l l e d  economic minera ls ,  
inc lude  a b r a s i v e s ,  c l a y s ,  r e f r a c t o r i e s ,  s a l t s ,  e tc . ,  and a r e  no t  properly 
c a l l e d  o r e s  ( 6 .  F. Park and R. A. MacDiarmid, 1964). The d e f i n i t i o n  of an 
o r e  as a ma te r i a l  concentrated i n  economically va luab le  amounts and from 
which some metal  o r  nonmetal l ic  element can be recovered p r o f i t a b l y  i s  a 
very  use fu l  one. Modern t echno log i s t s  con t inua l ly  improve recovery methods 
and d iscover  new uses f o r  materials,  so t h a t  the  economic v a l u e  of a given 
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TABLE 1 
I R o e k  
Quartz 
F e 1 ds par 
Amphib o 1 e 
Biotite Mica 
Olivine (also 
called peridot 
or chrysolite) 
Garnet 
Magnet i te 
Ilmenite 
Apatite 
COMMON MINERALS OF 1GNM)US ROCKS 
Description 
Silica, one of the most common minerals 
in the earth's crust; crystals are 
found in many colors 
A group of aluminum silicates, with 
varying amounts of calcium, potassium, 
sodium, etc. Most common of all miner- 
als, in pastel colors with pearly or 
glossy luster 
A group of complex silicate minerals, 
hydrous, with calcium, magnesium, iron 
Group of complex silicate minerals of 
widely varying composition, often 
fibrous or needle-like 
A family of silicate minerals noted for 
cleavability into thin, flexible sheets. 
All mica contains aluminum, with other 
elements, and water. 
A pale, almost colorless mica, of 
variable compositions 
Dark-colored mica of variable 
composition 
Magnesium-iron silicate found in 
various shades of green, sometimes 
transparent 
A group of silicate minerals, usually 
with combinations of calcium, magnesium, 
iron, and aluminum 
Iron oxide, the only black ore easily 
picked up by a magnet 
Iron titanate, ha8 metallic black color 
Calcium phosphate, named from the Greek 
"to deceive" because of varied forms 
and colors. May be white, green, yellow, 
violet, to brown; transparent to opaque 
Typical 
KA1Si308 
M ~ S ~ O ~  (Instantite) 
NaAl (SiO3) (Jadeite) 
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TABLE 2 
COMMON MINERALS OF METAMORPHIC WCKS 
Mineral 
Crystalline schists 
(ro cli.) 
Garne t (secondary) 
S taur o 1 it e 
Kyanite (cyanite) 
Andalusite 
Cordierite 
Chlorite 
Description 
Close, separable layers that break into 
a wavy, uneven surface 
Formed in essentially solid state from 
constituents released from breakdown of 
other minerals (See also Table 1 ) 
Iron-aluminum silicate, brown to black. 
Almost always crystals, commonly twined 
into crosses 
Aluminum silicate, occurring white t o  
blue-gray or black blade-like crystals 
Aluminum silicate with square cleavage, 
often showing mica-like scales. Brown 
or gray colored 
Magnesium aluminum silicate, usually 
some shade of blue; resembles quartz 
A mixture of magnesium and iron-aluminum 
silicates, green, yellow, pink, red, or 
brown, with a layered structure 
resembling mica 
Composition 
Quartz, mica, garnet 
are common 
Fe(OH)A14(A1Si2)O12 
5 
5 
A12S io 
A12Si0 
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TABLE 3 
COMPOSITION OF MAJOR TYPES OF SEDIMENTARN ROCKS 
Rock o r  Mineral 
Ca lc i t e  
Do lomite 
Gypsum 
I r o n  ores  
Sands tone 
Description 
Calcium carbonate occurring i n  over 300 
forms, always f r ac tu r ing  i n  rhombs. 
Ca lc i t e  is  t h e  major const i tuent  of 
limestone rock. 
Calcium magnesium carbonate is  white 
or varicolored masses, o r  c r y s t a l s  with 
curved faces;  pear ly  lu s t e r .  
Colorless or white hydrated calcium 
s u l f a t e  which occurs as c l e a r  crystals 
( " s  e 1 eni  te" ) , eompac t mass e s ( "a1 abas t e r  ' I )  
and i n  curved f ibrous forms 
H e m a t i t e  is  an example, which may be 
black shiny c r y s t a l s  o r  reddish brown 
lumps o r  masses. 
Layers of coarse-grained sand, more or  
l e s s  cemented together,  i n  various 
colors  
Fine-grained mud, s i l t ,  and clay, 
hardened i n  t h i n  layers  which can be 
s p l i t  along the  layers  
Composition 
Cd03 
CaS04 * 2H20 
Fe203 
I 
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ore may change from "worthless" a few years ago, to "profitable" now or 
in the near future. 
of low grade, but changes the task of the prospector from hunting only 
relatively concentrated materials to seeking even fairly low enrichments 
of minerals. 
This implication not only makes valuable known deposits 
These may include highly weathered dispersions of materials. 
Igneous rocks, by the nature of the processes of separation of materials 
in the molten magma, are often the sources of larger concentrations of the 
elements of economic interest. It is obviously of commerical advantage to 
have the elements being sought located in relatively small, unscattered 
areas. 
scatters the components. 
to plants, the subject under study here. Accordingly, igneous rock weather- 
ing into secondary materials (metamorphic and sedimentary rocks) deserves 
a closer look. 
The weathering of these relatively concentrated bodies of mineral 
The process also renders the components available 
The weathering of rocks and of ore elements involves abrasion of large masses 
into successively smaller ones, together with chemical modifications affected 
by water, heat or cold, and atmospheric gases, such as oxygen and carbon di- 
oxide. The particular environmental conditions under which these destructive 
processes occur determine the products, which will be the stable forms o f  the 
material combinations in the prevailing thermodynamics of the system. The 
abrasion mechanically results in a tremendous increase in the surfaces of the 
particles; the surfaces may be chemically active, as in the case of certain 
clays. Simultaneous chemical reactions, such as the oxidation of sulfide 
ores, may generate considerable heat, increased by solar exposure. 
V. M. Goldschmidt (1945) presented a classification of sediments formed during 
weathering and subsequent transportation and sedimentation. 
this classification, Rankama and Sahama (Geochemistry, 1950) modified the 
original concept into several classes of  sediments: 
Patterned after 
1. Resistates 
2 .  Hydrolyzates 
3. Oxidates 
4. Reductates 
5 .  Precipitates 
6. Evaporates 
7 .  Bioliths 
Resistates are the chemically undecomposed residues, which mechanically are 
broken into the quartz and other sands , gravels, sandstones, arkoses (feldspar- 
rich sands), conglomerates, etc. Gold, platinum, magnetite, zirconia are 
found in sediments of this group. 
Hydrolyzates include bauxites, clays, shales, and slates, which are combina- 
tions of finely powdered, chemically resistant rocks, and of weathering pro- 
ducts of less inert rocks. In this class may be found enrichments of vanadium, 
uranium, arsenic, antimony, molybdenum, copper, nickel, cadmium, gold, silver, 
platinum, titanium, and beryllium. 
Oxidates include iron and manganese ores formed by precipitation of iron and 
manganese as hydroxides, after oxidation of the metals (from Fe+2, Mn'2) in 
waters hparing oxygen. Other materials in the class are carbonates of calcium, 
lead, and strontium. These may be enriched in lithium, tungsten, barium, 
boron, titanium, cobalt, nickel, copper, and other heavy metals. 
Reductates, formed in chemically strong reducing atmospheres, are such groups 
as the sulfides of metals in the lower chemical oxidation states. 
Precipitates are compounds deposited from solution when chemical changes 
cause decomposition (e.g., bicarbonate decomposing to carbonate, causing 
precipitation of  calcium carbonate), o r  when temperature o r  concentration 
changes in solution initiate deposition (e.g., solubility product of com- 
pound is exceeded). 
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Evaporates  a r e  sa l ts  depos i ted  from waters  which a r e  t o t a l l y  evaporated,  
such as t h e  sodium, l i t h ium,  potassium, calcium, and magnesium c h l o r i d e s ,  
b o r a t e s ,  n i t r a t e s ,  e t c . ,  found i n  d r y  lake  beds.  
Kt, ea++ Montmoril lonite +- K exchange (a c l ay )  
B i o l i t h s  a r e  sediments,  organic  i n  o r i g i n ,  such as t h e  cha lk  c l i f f s  of 
Dover, England, and c o r a l  r e e f s .  These m a t e r i a l s  con ta in  calcium, magnesium, 
f l u o r i n e ,  s i l i c o n ,  and phosphorus, from the  s t r u c t u r e s  of s h e l l s  and ske le tons  
of myriad organisms. 
-Si07 
e +siOz 
A graphic  representation of t h e  weather ing of some of t h e  most common p r i -  
mary minerals  i s  i l l u s t r a t e d  i n  Fig.  3. The e s s e n t i a l  f a c t o r s  of t h e  be- 
hav io r  o f  minerals  t o  weather ing processes  a r e  (1) t h e  chemical and mineral-  
og ica l  na tu re  of t h e  mineral ;  (2) composition and na tu re  of country rock, 
s t a t e  of f i s s u r i n g ,  and permeabi l i ty ;  (3) t h e  c l imate ;  (4) ground water 
l e v e l  and r a i n f a l l ;  (5) topography; and (6) geo log ica l  age and h i s t o r y  of 
t h e  d e p o s i t  o r  rocks of i n t e r e s t .  Weathered minerals  may support  charac te r -  
Amorphous hydrous 
oxides of A l ,  S i  
i s t i c  vege ta t ion  types .  
PRIMARY MINERAL 
I 
SECONDARY MINERALS 
Oliv ine  
Pyroxene 
Hornblende 
Am0 r p  hous 
hydrous oxides of 
T i ,  Fe ,  A l ,  S i  
B i o t i t e  
Mus c ov i t e 
Fe ldspa r s  
Quartz 
F igu re  
t 
S i l i c i c  a c i d  Chalcedoni te  S i l i c i c  a c i d  
I 
Secondary q u a r t z  
3. Weathering of Primary Rock-Forming Minerals  (After Fieldes 
and Swindale, New Zealand J.  Sci. Tech. 36B, 140 (1954).) 
I n  areas of moderate r a i n f a l l ,  t h e  groundwater l e v e l  i s  u s u a l l y  less  t h a n  
30 meters  below t h e  su r face ,  while  i n  d r y  areas t h e  groundwater l e v e l  may 
be 100 meters below t h e  su r face .  I n  gene ra l ,  t h e  depth  of groundwater 
corresponds t o  t h e  depth  a t  which a c t i v e  ox ida t ion  occurs ,  a t  rates r e l a t e d  
t o  ambient temperatures .  On t h e  o t h e r  hand, ra inwaters  made a c i d i c  by d i s -  
solved carbon d ioxide  and which p e r c o l a t e  through t h e  zone of ox ida t ion  
w i l l  d i s s o l v e  many oxidized m a t e r i a l s  r ap id ly .  These f a c t o r s  i n d i c a t e  
t h a t  i n  warm, dry c l ima tes  oxida t ion  w i l l  c h a r a c t e r i s t i c a l l y  occur  a t  f a i r l y  
l a r g e  depths ,  b u t  ox ida t ion  products  w i l l  no t  qu ick ly  be c a r r i e d  away by 
groundwaters. Even deeply bur ied  d e p o s i t s  of some minera ls  may be weath- 
ered i n t o  compounds mobile enough t o  reach p l a n t  r o o t s ,  b u t  only s l o w l y  
d i spersed  i n  t h e  e a r t h ' s  c r u s t .  I n  t r o p i c a l  zones,  i n  which leaching  i s  
e s p e c i a l l y  e f f e c t i v e  due t o  l a r g e  annual r a i n s ,  oxidized,  so lub le  compounds 
d i s s o l v e  wi th  comparative r a p i d i t y ,  and a l l  b u t  i n so lub le  oxides  l i k e  i r o n  
and aluminum are c a r r i e d  o f f .  
Figure 4 skows r e l a t i v e  depths  of a c t i v e l y  leached and decomposed weath- 
ered c r u s t  as  r e l a t e d  t o  annual p r e c i p i t a t i o n  and c l imate .  The diagram 
shows t w o  c l i m a t i c  cond i t ions  favorable  t o  weathering: t h e  f i r s t  corre-  
sponds t o  t h e  t a i g a  podzol zone (damp, forestect  region 
t u d e s ) ,  where t h e  weathered c r u s t  i s  about 2 meters t h  clr; t h e  second 
occurs  i n  t h e  moist  t r o p i c s ,  where t h e  weathered c r u s t  may be seve ra l  hun- 
dred meters  t h i c k .  The leached,  decomposed c r u s t  does not  develop pronounc- 
ed ly  i n  t h e  tundra ,  d e s e r t ,  and semideser t  climatic zones,  a l though oxida t ion  
occurs  t o  cons iderable  depths .  The a v a i l a b i l i t y  of weathered, water-soluble 
n u t r i e n t s  a t  depth  g r o s s l y  determines t h e  types  of p l a n t s ,  wi th  given r o o t  
depths  and p a r t i c u l a r  n u t r i e n t  requirements,  which w i l l  be  a b l e  t o  grow i n  
a given c l i m a t i c a l l y  governed s o i l  zone. 
temperate l a t i -  
The newly formed materials i n  t h e  s o i l  and t h e  weathered c r u s t  are more o r  
less c h a r a c t e r i s t i c  of t h e  c l ima te  i n  which they  were  formed. The Russian 
t a i g a  podzol i s  a h igh ly  leached s o i l ,  low i n  i r o n  and lime, which forms 
under moist ,  cbol  condi t ions .  I n  t h e  warm, w e t  c l imate  of t h e  t r o p i c s ,  
s i l i ca l eached  s o i l s  a r e  formed, r i c h  i n  aluminum and i r o n  hydroxides.  
Deser t  weather ing processes  r e s u l t  i n  s u l f a t e  and carbonate  s a l t - r i c h  
crusts (Malyuga, 1963). 
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Transport of the weathered components of a given mineral into the area 
surrounding the original concentrated deposit causes the formation of dis- 
persion haloes. This phenomenon is the enrichment of the area surrounding 
the mineral deposit in the mobile components, so that the concentration of 
the mineral elements is, in that area, lower than in the original deposit, 
but higher than in the original country rock. 
high concentrations of metals over o r  around ore deposits are often termed 
geochemical anomalies. Dispersion haloes are localized in rocks of the 
weathered crust (alluvial and residual material), and are disseminated in 
soil, ground water, and in plants. Since the location of a dispersion halo 
may indicate a valuable mineral deposit, techniques facilitating such loca- 
tion become important. Biogeochemical exploration has as its objective the 
location of such dispersion haloes. Processes which occur as ore bodies 
weather are therefore important in consideration of the technique o f  bio- 
geochemical prospecting, since the availability of specific nutrients as a 
result of such weathering governs the survival of plants. 
Such zones of  relatively 
The zone in the crust in which oxidation occurs characterizes the migration 
of the elements in an ore under the prevailing climatic and chemical condi- 
tions in the area of the ore body. In the case o€ sulfide ores, oxidation 
produces iron sulfite and sulfuric acid, which can enter the soil and ground 
water to migrate away from the ore body, producing changes in the surrounding 
country rock in the process. The oxidation process is: FeS + 302.+  H20 = 
FeSO + H2SOk. 
the mineral, o r  by action of bacteria. The sulfuric acid becomes diluted by 
leaching into ground waters, and is slowly neutralized by reaction with bases 
present in the soil. 
during oxidation. The topography, character of the country rock, acidity, 
and amount of water available from any source, will all influence the direc- 
tion, extent, and nature of the geochemical dispersion halo. Temperature 
also has an effect on the mobility of materials leached away from an ore body 
2 
The oxidation can occur by air and water interactions with 3 
Table 4 illustrates behavior of some ore minerals 
Topographical influence on the direction of movement of materials away from 
an ore body must be considered when relating a dispersion halo to an ore-body 
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TABLE 4 
BEHAVIOR OF SOME ORE MINERALS DURING OXIDATION 
- 
lement 
Fe 
-
cu 
Zn 
Pb 
Au 
& 
1% 
Pd 
Hg 
Cd 
Ni 'Co 
Cr 
\In 
Sn 
w 
V 
U 
MO 
nl 
AS 
sb 
- 
Primary Minerals 
Siderite, sil~cates 
Kematite, magnetite 
f v r l  te 
Fyrrhotite 
Many Sulfides 
Sphalerite 
(oxides, sulfides) 
Galena and other 
mixed sulfides 
Gold 
Amalgam 
Tellurides 
Argent,te 
Native silver 
Te 1 luride 
Minor In other 
sulfides/ 
sulfosalts 
Platinum 
Sperryl ,le 
(pi, As) 
Cinnabar 
Sphaterite 
Greenoehrie 
Sulfides 
Arsenide? 
Chrumite 
Manganosiderite 
(Mn, re) c0-j 
Oxides, sulf1de.i 
Ca-qrterlte 
b~heei~te ( ra  YO,,) 
(re, m)  YO^, 
Wu 1 framite 
Uranin1 te 
Complex oxides 
Molybdenite 
Bismuthinite 
Arsenopyrite 
(Fe As S)/and 
other srsenldes 
Stibnite 
Antimonides 
Oxidized/Seeondary 
Minerals 
Limonite 
Limonite 
Limonite 
Hydrated Ferric Silicate 
sulfates 
Smithsonite 
Calami ne 
Cerussite 
Anglesite 
Cerargyrite 
Greenockite 
Arsenates 
Chroma tes 
pyrolusite (wl0,) 
Hydrated o y i d c s  .md 
s , 1 , c n t e s  
Vanadinite and other 
vanadates 
Hydrated oxides and 
many salts 
Cervantite (sb o ) 
Other bydrated*okides 
Moblllty (Relative Rate of Dispersion) 
%derate 
Slaw 
rast action of I'e (SO ) a.. 
oxidizing agent * ' ' 
Past 
One of the most readily transported, 
mrgrat-s. forms supergene sulfide zone 
upper oxidized zone 
Sulfates and chloride very soluble. 
Carbonate, silicate difficult. Zinc 
1s generally mobile, easily oxidized 
in presenre o f  pyrite which is common. 
Migrates, forms supergene deposits. 
Slight mobility in oxidized zones 
(somewhat mobile In presence of 
ferric sulfate and chlorides) 
Slight mobilxty in form of chloride, 
precipitates fast in reducing condition' 
Mobile in presence of Fe2(So4) 
Le% than Cu, Zn, more than gold 
Not easily attacked, not very mobile 
In %SO4 acid, chlorides, or alkaline 
sulfides 
As mobile as zinr 
Very mobile in sulfate solutions 
Very insoluble 
More soluble than Fe, less easily 
precipitated. Easily transported 
as  sulfate or bicarbonate 
Very resistant, immobile 
Very resistant, highly imobile 
Complex oxysalts mohile in ground 
water 
Very mobile, easily oxidized 
Immobile 
Not very mobile in solution. 
Limited transport and enrichment b> 
colloidal processes 
Like lead, 1s difficult to dlswlve, 
no great mobility 
Mobile in presence of Ha, K salts. 
Arsenic 19 fairly mobile (more than 
antimony) 
Considerably lesq mobile than arsenic 
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l o c a t i o n .  
of minera ls  and d i s so lved  m a t e r i a l s  along. 
i n  rocks ,  a c t i n g  l i k e  c a p i l l a r i e s ,  and l a r g e  s u r f a c e  a r e a  of very  f i n e l y  
d iv ided  p a r t i c l e s  w i l l  t end  t o  hold mineral  s o l u t i o n s  i n  p l ace ,  or  even t o  
move them u p h i l l  a g a i n s t  g r a v i t y .  The t e x t u r e  of t h e  s o i l  w i l l ,  t h e r e f o r e ,  
a f f e c t  t h e  movement of t h e  ma te r i a l  from o r e s  and determine i n  p a r t  t h e  e x t e n t  
and p r o f i l e  of a d i s p e r s i o n  halo.  The p r o f i l e  of t h e  d i s p e r s i o n  ha lo ,  i n  t u r n ,  
may d i r e c t l y  determine t h e  p r o f i l e  of t he  vege ta t ion  growing over it. 
Gravi ty  w i l l  tend t o  p u l l  water  downhill ,  c a r r y i n g  small p a r t i c l e s  
Opposed t o  t h i s ,  t i n y  f r a c t u r e s  
The cha rac t e r  of t h e  count ry  rock as an e f f i c i e n t  dam o r  r e l a t i v e l y  porous 
medium f o r  t h e  flow of d i s so lved  o r  suspended minera ls  from a bur i ed  d e p o s i t  
d i r e c t l y  a f i e c t s  formation of d i spe r s ion  ha loes .  The chemical na tu re  of t h e  
country rock is  a l s o  important ,  s i n c e  a l k a l i n e  s o i l s  would n e u t r a l i z e  ac ids  
formed by ox'idation o f  some minerals .  This  i n t e r a c t i o n  of s o i l s  o r  rock w i t h  
waters  could e i t h e r  has ten  movement of t h e  d i s so lved  minera ls  by keeping them 
i n  s o l u t i o n ,  o r  cause them t o  p r e c i p i t a t e  as s o l i d s  and s t o p  t h e  movement 
through t h e  s o i l .  The amount of water passing through s o i l s  i n  any given 
t ime governs t h e  r a t e s  of s o l u t i o n  and r e d e p o s i t i o n  of mine ra l s ,  r a t e  of mechan- 
i c a l  movement of small p a r t i c l e s ,  and the  amount of vege ta t ion  suppor tab le  by 
t h e  s o i l .  The presence of vege ta t ion  w i l l  a l s o  markedly in f luence  d i spe r s ion .  
According t o  Malyuga ( loc  c i t ,  p. 50), " su r face  v e g e t a t i o n  mobil izes  mineral  
n u t r i e n t s  from a s t r a tum of cons iderable  th i ckness ,  a t t a i n i n g  22m (black 
haloxylon) and on t h e  average ( f o r  a l l  su r face  vege ta t ion )  i s  equal t o  3-5m." 
I n  gene ra l ,  t h e  organisms popula t ing  t h e  s o i l  move o re  elements t o  t h e  s u r f a c e ;  
t he  formation of t h e  humus l a y e r  f avor s  t h e  accumulation and r e t e n t i o n  of many 
meta ls ,  and i n  m o i s t  f o r e s t  zones,  woody and shrubby vege ta t ion  a c t i v e l y  e x t r a c t  
o re  elements.  This  a c t i v i t y  r e s u l t s  i n  haloes  i n  t h e  humus wi th  a high metal  
con ten t .  The d i r e c t  e f f e c t s  on vege ta t ion  of mineral  enrichments i n  t h e  sup- 
p o r t i n g  s o i l  and ground waters  v a r y  wi th  d i f f e r e n t  types  of vege ta t ion .  A 
d i scuss ion  of genera l  k inds  of mineral-plant  i n t e r a c t i o n s  i s ,  t h e r e f o r e ,  i n  
o rde r  t o  o r i e n t  t h e  k inds  of p l a n t s  one f i n d s  a s s o c i a t e d  wi th  s p e c i f i c  elements 
wi th  r e s p e c t  t o  geologic  a v a i l a b i l i t y  of those  elements.  
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BOTANICAL THM)RY 
The processes of identification of plants and their chemica 
locate mineral resources are the activities called, by most 
field, biogeochemical prospecting. Geobotany is a related 
not a subdivision) by which mineralogical "anomalies , I 1  o r  abnormally high 
metal concentrations,can be detected in plant species and related ecological 
complexes by observation methods alone. These distinctions in methods, after 
I. I. Ginzburg (1960), arehisually adopted in the literature on the subject, 
but some confusion may arise from the interchanging of terms. 
the definitions given above have been used, but geobotany has been treated 
as a special type of biogeochemical prospecting. This is deemed logical because 
the application of geobotany rests, in general, upon a background of informa- 
tion gained by the more rigorous biogeochemical operation. A brief discussion 
of mineral uptake by plants and morphological changes produced in some species 
as a result of abnormal mineral concentrations is considered useful here, as 
an introduction to the survey o f  information available on the subject. 
In this survey, 
V. M. Goldschmidt (1937), in a discussion of the geochemical nature of the 
earth, grouped the chemical elements according to their behavior with respect 
to low oxygen and sulfur affinity ("siderophiles") , high sulfur affinity 
("chalcophiles"), and enrichment in the silicate crust of the earth ("litho- 
philes"). 
indicate those which occur in the atmosphere and the biosphere. 
form of the "Biophilic" array is shown as Fig. 5 .  Figure 6 presents the 
typical elements found in the lithosphere, and Fig. 7 shows those elements 
with relatively low sulfur and oxygen affinities (siderophiles) which are 
enriched in the nickel-iron core. Figure 8 indicates the chalcophilic ele- 
ments which have a strong affinity for sulfur, while Fig. 9 shows elements 
which typically are found as atmospheric gases. 
Rankama and Sahama (1950, p .  88) further group the elements to 
A modified 
The distribution of the chemical elements into these groups is of interest 
f r o m  a biogeochemical prospecting standpoint, in that (1) the natural occur- 
rence of elements of interest as metals (e.g., g o l d )  o r  i n  combinations sucl.1 as 
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Periodic Table of  the Elements 
2 B C N O F  
5 6* 7* 8* 9 
3 Na Mg 
11 12 Si P S 
Transition Elements 14 15* 16 17 
4 K Ca 
19 20 
5 
Mn Fe Co CU 
25 26 27 29 
I 
53 
*Indicates pronounced behavioral preference; unstarred elements are members of 
another group but show less pronounced affinity f o r  the biosphere 
Figure 5 .  Biophilic Elements 
Group I I1 I11 Iv v VI VI1 0 
Period 
1 H 
1 
2 Li Be 
3 4  
B C  O F  
5 6  8 9  
3 Na Mg A1 Si P S C1 
11 12 13 14 15 16 17 
4 K Ca Sc Ti V Cr Mn Fe Co Ni Zn Ga Ge A s  Se Br 
19 20 21 22 23 24 25 26 27 28 30 31 32 33 34 35 
Transition Elements 
5 Rb Sr Y Z r  Nb 
37 38 39 40 41 
6 Cs Ba (a) Hf Ta W 
55 56 57-71 72 73 74 
Cd In Sn I 
48 49 50 53 
T1 Pb 
81 82 
Sm Eu Gd 
iched in 
Periodic Table of the Elements 
Group I I1 
P e r i o d  
1 
2 
3 
4 
5 
6 
Group I I1 
P e r i o d  
2 
5 
6 
T r a n s i t i o n  e lements  
F e  Co N i  
26 27 28 
Mo Ru Rh Pd 
42 44 45 46 
I11 Iv v V I  V I 1  0 
C 
6 
P 
15 
Ge A s  
32 33 
Sn 
50 
W Re O s  Ir P t  Au Pb 
74 75 76 77 78 79 82 
1 Figure 7. Siderophilic Elements 
I11 Iv v V I  V I 1  0 
S 
1 6* 
26" 27 28 29" 30" 31" 32 33* 34* 
T r a n s i t i o n  Elements 
F e  Co N i  Cu Zn Ga  Ge A s  Se  
Mo Ru Pd Ag Cd I n  Sn Sb Te 
42 44 46 47" 48" 4 9  50 51* 52* 
P t  Hg T1 Pb B i  
78 80* 81* 82* 83" 
* I n d i c a t e s  pronounced b e h a v i o r a l  p r e f e r e n c e ;  u n s t a r r e d  elements  a r e  members of 
another g ~ o q  bnt show leas pronounced a f f i n i t y  f o r  s u l f u r .  
2 Figure 8. Chalcophilic Elements 
'These elements are particularly enriched in the nickel-iron core of the 
2These elements, with strong sul€ur affinity, are enriched in the 
earth, and exhibit relatively weak affinity for oxygen and sulfur. 
"chalcopheric," o r  sulfide-oxide shell. 
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P e r i o d i c  Table of  t h e  Elements 
Group I I1 
Period 
1 H 
1 
2 
3 
T r a n s i t i o n  Elements 
4 
5 
6 
Figure 9. Atmophilic Elements* 
I11 3Y v V I  V I 1  0 
C N O  
6 7 8  
He 
2 
Ne 
10 
Ar 
18 
K r  
36 
I Xe 
53 54 
Rn 
86 
s u l f i d e  o r e s  (e .g . ,  copper) a f f e c t s  t h e  weather ing p r o p e r t i e s ,  which i n t u r n  
a f f e c t s  s o i l s  and p l a n t  growth, and (2) t h e  a b s o l u t e  requirement by p l a n t s  of 
some elements and r e j e c t i o n  of o t h e r s  a f f e c t s  t h e  s u r v i v a l  of p l a n t s  i n  t h e  
presence of t h e  v a r i o u s  groups of elements.  The f a c t  t h a t  many elements are  
more l i k e l y  t o  be  found i n ,  f o r  example, t h e  i ron-n icke l  c 6 r e  of t h e  e a r t h  
( s i d e r o p h i l e s )  than  as s u r f a c e  weatherable  o r e s  (chalcophi les)  l eads  t o  some 
d i s t i n c t i o n  i n  t h e  prospec t ing  t o o l s  one would reasonable  apply i n  searching  
f o r  t h e  elements of each group. The elements l i k e l y  t o  have a n  e f f e c t  on 
p l a n t s  are  l o g i c a l l y  those  whose o r e s  weather t o  form and change s o i l s ,  and 
those e s s e n t i a l  t o  p l a n t  growth. 
The inorganic  mineral  c o n s t i t u e n t s  of  p l a n t s  have been noted s i n c e  a n t i q u i t y ,  
a l though q u a n t i t a t i v e  i n v e s t i g a t i o n  w a s  f i r s t  recorded i n  1684 (J. F .  S u t c l i f f e ,  
1962). I n  a s tudy  of t o t a l  n u t r i e n t  weight change i n  willow growth, Van Helmont 
“These a r e  elements which a r e  enr iched i n  t h e  atmospheric envelope sur- 
rounding t h e  e a r t h .  
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noted a small change in soil weight, even though he did not pursue or elab- 
orate on the finding. 
death of the investigator. The German chemist, Justus von 
pub 1 i shed 
important work in which strong arguments for the role of inorganic constitu- 
ents in vegetation growth were presented. The experimental evidence with 
which he followed up his theory was largely instrumental in the general accept- 
ance of the idea that plants use inorganic materials (Sutcliffe, loc cit, p. 2). 
The work was reported by his son 40 years after the 
The continued study of the problem of plant nutrition has resulted in the 
evolution of a list of "essential" elements, without which plant growth can- 
not occur. The list given by Sutcliffe (p. 6 )  is shown in Table 5 .  In 
this list, macro-nutrients shown are those needed in fairly gross  amounts, 
while micro-nutrients are needed only in trace quantities. Absence of - suf-
ficient quantities of any of these elements in a form usable by plants will 
result i n  visible symptoms of malnutrition. 
spots on leaves (chlorosis), to abnormal growth or total growth inhibition. 
Such deficiency disease indications are correctable in most cases by supplying 
the deficient nutrient. A discussion of nutrition and mechanisms is given in 
Mineral Nutrition of Plants, Emil Truog, Ed., University of Wisconsin Press 
(1961). 
Symptoms may vary from yellow 
In addition to these generally essential nutrients, there are other elements 
which are beneficial to many plants and essential to specific plants. 
among these are cobalt, silicon, sodium, vanadiurp, and selenium. 
Notable 
Inconclusive evidence has been offered as to the substitution of some of these 
for "essential" elements in plant growth. The presence of a particular element 
in plant (or animal) tissue does not necessarily indicate that a useful function 
is performed by that element. 
For optimum plant growth, the essential elements must be available to the 
plants in a form soluble in water and in concentrations in rather definite 
ranges. Excessive amounts of an element--particularly of one of the micro- 
nutrients other than chlorine--results in symptoms of toxicity. The levels 
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TABLE 5 
Macrc 
Element 
Carbon 
Hydrogen 
Oxygen 
Nitrogen 
Plio sphorous 
S u l f u r  
Potassium 
Calcium 
Magne s i  um 
Micro-nut r i e n t s  n u t r i e n t s  
Form Absorbed 
Carbon d iox ide  
B i  carb  onat  e 
Water 
Various an ions  
Water, gaseous oxygen 
Various an ions  
Ni t ra te ,  ammonium 
Phosphates 
S u l f a t e s  
Cat ions  
Cat ions  
Cat ions  
Element 
Boron 
Chlorine 
Copper 
I r o n  
Manganese 
Molybdenum 
Zinc 
Forn Absorbed 
Bora tes  
Chorides 
Cat ions 
Cat ions  
Cat ions 
Manganate s 
Molybdates 
Cat ions 
*From S u t c l i f f e ,  Mineral Sa l t s  Absorption i n  P l a n t s ,  Pergamon, N.Y. (1960) 
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of toxic concentrations vary with the elements and with the plants. The 
essential elements are, of course, used for protein protoplasm and other 
cell constituents, enzyme, and other regulatory structures. Magnesium has 
been found to be the only metallic constituent of chlorophylls, and is also 
important in enzymatic functions. Micro-nutrients are thought to be direct 
enzyme constituents or activation agents for enzymatic processes. Only the 
role of boron in plant growth has not been discovered. Interestingly, the 
minima and maxima of boron requirements for given plants are narrow and may 
overlap so that boron concentration for maximum plant growth may cause (simul- 
taneously) boron toxicity symptoms to appear (Meyer and Anderson, 1952). A 
simplified picture of the absorption and movement of mineral salts by plants 
is shown in Fig. 10. This diagram grossly shows probable routes taken by 
nutrients, but necessarily ignores the complex and poorly understood mechan- 
isms involved. Purely physical transport and purely chemical involvements 
have been postulated as mechanisms; the truth is undoubtedly a complicated 
combination of ion exchange, solvent exchange, cell membrane osmosis, dif- 
fusion, adsorption, and complexation processes, many occurring under far- 
from-equilibrium conditions. Since every organ of a plant is a complex 
system of cells, the mechanism of nutrient assimilation is a maze of pro- 
cesses which have been studied in many different systems from single organs 
to whole plants. 
Since prospecting by definition is the seeking of amounts of elements greater 
than those generally found in the "average" location on the earth, the effects 
on plants of abnormally high nutrient concentrations is of particular interest. 
The concentration of some elements by plants to levels significantly higher 
than the surrounding environments has been known since early workers used 
plants as potassium sources--hence, the name "pot-ash" given to some plant 
ashes. 
greater than that in "normal" plants are called "accumulator plants." 
example, iodine is accumulated by seaweed (laminaria digitata) to about 3000 
parts iodine per million parts water from waters only about 1 part per million 
Plants which take up a particular element in quantities considerably 
For 
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t 
1 
NSPORT OUT OF 
URE STORAGE 
CCUMULATION I N  
TORAGE ORGANS 
,-.. 
DEVELOPING 
ROOTS BY D I F F U S I O N ,  
EXCHANGE, ADSORPTION, 
CAPILLARY MOVEMENT 
GROWING ROOT 
T I  SSUE 
CONTACT EXCHANGE 
Mineral Salt Absorption in Vegetation* 
*After Sutcliffe, p. 3 (1960). 
iodine. 
p. 6 ) .  
demonstrated by Goldschmidt when certain coal ashes were found to have not- 
able concentrations of  germanium and, later, other elements, relative to 
average concentrations in the earth's crust (V. M. Goldschmidt, 1930, p. 398). 
The kelp source of iodine was noted in 1812 by Courtois (Sutcliffe, 
The enrichment by plants of some mineral constituents was further 
Physiological effects on plants of nutrient concentrations greater than can 
be used o r  tolerated by the plant have been studied and described by a rather 
large number of workers. W. Stiles (1961) discusses concentrations of elements 
singularly, and of pairs of elements whose relative concentrations were varied. 
Meyer and Anderson (1952) presented a concise discussion of nutritional roles 
of the essential elements in plant metabolism, along with symptoms arising 
from deficiencies and toxic excesses. Physiological effects of toxic mineral 
excesses on plants may appear as relatively transient, reversible changes in 
color o r  size o r  health, o r  as subtle o r  drastic mutations in form which are 
irreversible and pass to progeny. 
Examination of the nutrient-flow diagram (Fig. 10) leads to several conclu- 
sions with respect to prospecting. 
1. Availability of nutrients to rootlets in water soluble form is 
essential. Soils which are excessively acidic o r  basic (caustic) 
may cause formation of insoluble precipitates, such as hydroxides 
or anions of some metals (like zinc o r  molybdenum). 
tates render the metals insoluble in water, and may mechanically 
block the rootlets from all nutrient intake. 
retarded and/or abnormal growth may result. 
Such precipi- 
In either case, 
2. Movement of nutrients tends toward actively growing cells, such 
as seeds, growing tips, new foliage, etc. Excessive quantities 
of nutrients above the optimum range for the specific plant involved 
also tend to be carried toward these areas. 
interfere chemically or physically with the metabolic processes 
essential to plant growth. Whatever the mechanism, the abnormalities 
may appear as altered, chlorotic leaves; stunted organs; abnormally 
sized or colored blossoms, and fruits or seeds. 
Such toxic levels may 
I n  c a s e s  i n  which t h e  p l a n t ' s  t r a n s p o r t  system has been unable  t o  remove 
t o x i c  amounts of n u t r i e n t s ,  t h e  ex t r emi t i e s  of l eaves ,  blossoms,or f r u i t s  
may c a r r y  away p a r t  of t h e  excess  when they  depa r t  from t h e  p l a n t .  
phenomenon has  seve ra l  i n t e r e s t i n g  r e s u l t s :  t h e  d e b r i s  from such n u t r i e n t -  
loaded members w i l l  en r i ch  t h e  humus layer below and around t h e  p l a n t  wi th  
t h e  a l r eady  excess ive  n u t r i e n t ;  any animal i nges t ing  such p l a n t  members may 
s u f f e r  t o x i c  symptoms from such n u t r i e n t s .  A c l a s s i c a l  example of t h e  lat- 
t e r  phenomenon is  t h e  appearance of selenium syndrome o r  " a l k a l i  d i sease"  
i n  c a t t l e  graz ing  i n  selenium-enriched a r e a s  of t h e  Middle Western United 
S t a t e s .  
grazing animals,  manifested i t s e l f  i n  a v a r i e t y  of symptoms. These ranged 
from l o s s  of h a i r  and development of abnormal hooves, t o  emaciation, l i s t -  
l e s s n e s s ,  and death.  I n t e r n a l  organs such a s  h e a r t ,  l i v e r ,  and kidney were 
found t o  c a r r y  l e s ions .  P o u l t r y  which were feeding  on t o x i c  p l a n t s  l a i d  
eggs which f a i l e d  t o  hatch.  Study of t h i s  problem revea led  t h a t  s eve ra l  
c l a s s e s  of p l a n t s  found only on s e l e n i f e r o u s  s o i l s  concent ra ted  selenium 
i n  ex t r ae rd ina ry  amounts; As t raga lus  b i s u l c a t u s ,  A. racemosus, A. p e c t i n a t u s ,  
Stanleya p inna ta ,  S. b i p i n n a t a ,  Appolpappus fremonti ,  and Xylorrhiza p a r r y i .  
P l a n t s  found t o  absorb selenium, b u t  a l s o  t o  occur wi thout  selenium, were 
common c e r e a l s ,  wheat, r y e ,  b a r l e y ,  and corn,  and seve ra l  types of f lowers .  
Accumulation of vanadium by p l a n t s  which a r e  l a t e r  ea t en  by people i s  of 
h e a l t h  i n t e r e s t .  Vanadium has been found t o  decrease d e n t a l  c a r i e s  i n  
c h i l d r e n ,  and t o  i n h i b i t  t h e  b iosyn thes i s  of c h o l e s t e r o l  i n  man (Cannon, 
1963). 
and i l l u s t r a t e  t h e  poss ib l e  r e s u l t s  of p e c u l i a r i t i e s  i n  metabolic h a b i t s  
of c e r t a i n  p l a n t s  (W. S t i l e s ,  1961). The ex t r ao rd ina ry  e f f e c t s  of t o x i c  
food p l a n t s  on animals which inges t ed  them demonstrate t h e  in sepa rab le  i n t e r -  
r e l a t i o n s h i p  between d ive r se  members of t h e  biosphere and t h e  c o n s t i t u e n t s  
of i t s  environment. 
This  
This phenomenon, blamed o r i g i n a l l y  on a l k a l i  i n  waters drunk by 
These dramatic  f i n d i n g s  , while  r a t h e r  extreme, a r e  not  unique 
The phys io logica l  c h a r a c t e r i s t i c s  of i nd iv idua l  p l a n t s  are  o f  utmost im- 
portance i n  t h e  o v e r a l l  biogeochemical scheme. Depth of roo t ,  and p l a n t  
growth r a t e  and h a b i t  determine t h e  usefu lness  of t h e  p l a n t  f o r  prospect-  
ing.  An example of  t h e  importance o f  r o o t  s t r u c t u r e  i s  given i n  Fig.  11, 
which shows t h e  r e l a t i o n s h i p  between r o o t  h a b i t s  of s e v e r a l  types of p l a n t s  
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and a boron enrichment in the soil. 
it is possible to locate and outline the size and even depth of the o 
body which contributes metals to plants growing above it. 
applies to other metals, as well as to boron. 
By knowing the depth of root systems, 
The pri 
BIOGEOCHEMICAL THMRY 
A s  defined previously, biogeochemical prospecting includes the identifi- 
cation and chemical analysis of vegetation species. The related technique 
of using the physical appearance or conspicuous presence o r  absence of 
plants is geobotanical prospecting. These two techniques and the pertinent 
literature will be discussed separately in this survey. There may be over- 
lap in the discussions because plant sampling teams may have specifically 
noted geobotanical details in the process of taking samples, and geobotanical 
details in many cases may have been shown to be valid prospecting tools by 
plant analyses. The geobotanical information is of particular interest in 
making aerial observation techniques applicable to locating new promising 
prospecting areas. 
detail in the literature survey section below. 
Plant sampling and analysis techniques are discussed in 
7 
The theoretical basis €or prospecting methods involving plants was outlined 
in f low-sheet form by Fortescue and Hornbrook (Fig. 12). 
the terminology and pertinent relationships are clearly evident and self- 
explanatory. Specific examples of the types of toxic effects arising from 
mineralization of soils are of interest, however. The toxic effects vary 
from morphological changes in the plant to complete debilitation resulting 
in bare soil areas devoid of vegetation. Sparseness or total lack of vegeta- 
tion has been successfully used as a geobotanical prospecting tool-in locating 
soils containing toxic amounts of metals. This "negative indication" was 
used, for example, in the location of soils in the Congo containing 8 to 14 
percent copper in shrub-and-grass covered glades within generally tree- 
forested areas (Helen L.  Cannon, 1960). 
In the flow sheet, 
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Plants which adapt to the Plants which do not adapt to the 
Accumulator 
element in soil 
CEOBOTANICtZL 
METHODS 
Figure 12. Flow Sheet Showing the Possible Effect of Abnormally High Amounts 
of an Element in Soil on Individuals of Species of  a Plant Community 
(After Korvalsky and Petrunina, 1965) .* 
"Indicator plants" are those whose distribution is related to the chemical 
components of a mineral enrichment. "Universal" indicators always indicate 
the presence of a specific element, while "local" indicators only act as 
mineral signals in a particular district. Aside from specific-element indi- 
cators, there are some plants which are able to survive in high concentra- 
tions of various minerals under conditions too toxic for most other species. 
These plants are also useful in prospecting even though they are not specific. 
Universal indicators are plants whose metabolism requires the specific element 
or combination of elements to which it is related. 
*Reference: Fortescue, J. A. C. and E. H. W. Hornbrook, Geological Survey 
of Canada, paper 67-73, Progress Report on Biogeochemical Research at the 
Geological Survey o f  Canada 1963-1966 (1967). 
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Morphological changes and indications of physiological disorders have been 
s tudied  as prospecting tools, notably by Cannon and others in the-United 
States, teams of workers in the USSR (Malyya, Chikishev, and others), and 
Warren, Delavault, Fortescue, Hornbrook and others in Canada. 
exhibited by plants as a result of mineralization include (1) dwarfing; 
(2) gigantism; (3) variations in development cycle completion, growth, and 
flowering cycles; and (4) changes in form, sterility, and coloration 
(mutation). 
The symptoms 
1. The dwarfing of plants, while often due to deficiencies, may occur 
when toxic amounts of some metals are present. 
vegetation is regulated by plant auxins (plant hormones), the mechan- 
ism of interference by metals with plant growth is probably one of 
interference with specific enzymes necessary in the sequences of 
auxin synthesis in the plant. 
activated in plant cells, so that any agent which could bind o r  
destroy auxin molecules could cause dwarfing o r  even death of plants. 
Since growth of 
Auxins are both synthesized and in- 
Similarly, since temperature is an important factor in auxin forma- 
tion, abnormal amounts of metal ions in cell fluids might cause 
changes in the characteristic heat absorption properties of the 
plant, hence alterations in patterns of auxin formation. 
2. Gigantism, o r  abnormally large, lush growth relative to surrounding 
"normal" plants, may reflect a more favorable chemical nutrient 
balance than that available to neighboring plants (which may have 
deficiencies) It also may reflect abnormal enzymatic activation 
by metals absorbed, resulting in plant auxin abnormalities. Since 
plant auxins, and the enzymes essential to their formation, are 
important in all phases of growth such as fruiting, flowering, etc., 
any chemical alteration of auxin formation rates may affect any o r  
all development stages of plants. The super-colossal growths of 
plants described in science fiction writings for years have been 
attributed to climatic o r  peculiar chemical causes essential to the 
plot of the fiction. 
recorded effects of climate and mineral environments on plant growths. 
Such fictions are only exaggerations of actual, 
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3. Var ia t ions  i n  development cyc le s  of p l a n t s  a s  a r e s u l t  of minera l i -  
z a t i o n  of t h e  s o i l  is perhaps b e s t  seen i n  a r e a s  i n  which both 
"normalqf and mineral-affected p l a n t s  a r e  growing. 
e r a t i o n  and e a r l y  f r u i t i n g  of herbaceous p l a n t s  have been descr ibed  
a s  a r e s u l t  of t o x i c  amounts of uranium and vanadium being suppl ied  
t o  p l a n t s  near  uranim-vanadium depos i t s .  
may a l s o  produce such r e s u l t s  (Cannon, 1960). 
Growth acce l -  
Molybdenum o r  selenium 
In a p r i v a t e  communication, Mrs. Cannon mentioned h e r  observa t ion  
t h a t  aspen leaves i n  t h e  a r e a s  ad jacen t  t o  t h e  mines i n  t h e  Cent ra l  
C i t y  d i s t r i c t  of Colorado seem t o  t u r n  c o l o r  i n  the  f a l l  before  those  
f a r t h e r  removed from t h e  mines. A s  she po in t s  out i n  he r  r e p o r t s  
on work i n  t h e  Colorado P la t eau ,  a l t i t u d e  and l a t i t u d e  a l s o  a f f e c t  
bloom t imes and dormant t imes of vege ta t ion ,  so  t h a t  use  of va r i a -  
t i o n s  i n  development cyc le s  f o r  prospec t ing  i s  v a l i d  only f o r  
r e l a t i v e l y  small a reas .  
4 .  Mutation and s p e c i f i c  morphological a l t e r a t i o n s  of p l a n t s  a s  a 
r e s u l t  of inorganic  s a l t  abso rp t ion  inc lude  t h e  changes shown i n  
Table 6. Aside from abnormal s i z e ,  phys io logica l  f e a t u r e s  such 
a s  f o l i a g e  c o l o r ,  blossom c o l o r ,  shape of p l a n t  o r  p l a n t  members, 
and f r u i t  shape a r e  t h e  types of a l t e r a t i o n s  noted. 
f e c t s  have been noted on p l a n t s  from rad ioac t ive  uranium-vanadium 
depos i t s  on t h e  Colorado P la t eau  bes ides  s tun ted  growth and f r u i t -  
Other e f -  
ing h a b i t s :  c h l o r o s i s ,  " t h i n  and fragmented r o o t s ,  which con ta in  
a yellow d e p o s i t ; "  and abnormal f lowers  wi thout  stamens and p e t a l s  
on po r t ions  of flower sp ikes  (Cannon, l oc  c i t ) .  
Mutation of p l a n t s  a s  a r e s u l t  of inorganic  s a l t  absorp t ion  has  
been a t t r i b u t e d  t o  chromosome breaks and rearrangements i n  t h e  
c e l l s .  
s a l t s  a r e  due t o  t h e  c r e a t i o n  of abnormal c e l l u l a r  condi t ions  
favorable  t o  chromosome breaks ,  r a t h e r  than  a d i r e c t  r e a c t i o n  
wi th  deoxyribonucleic a c i d ,  commonly c a l l e d  DNA (Aerbach, 1967). 
Any of  t h e  c e l l u l a r  l i f e  processes  ( r e p a i r  mechanisms, propagat ion,  
growth) may be a l t e r e d  by incorpora t ion  of m e t a l l i c  c o n s t i t u e n t s  
abnormal i n  c h a r a c t e r  o r  concent ra t ion  wi th  r e s p e c t  t o  ce l lu la r  
s t r u c t u r e  . 
I t  has  been pos tu l a t ed  t h a t  gene t i c  e f f e c t s  of inorganic  
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PHYSIOWGICAL AND MORPHOLOGICAL CHANGES IN PLANTS 
DUE TO METAL TOXICITIES* 
Element 
Aluminum 
Boron 
Chromium 
Cobalt 
Copper 
Iron 
Manganese 
Molybdenum 
Nicke 1 
Uranium 
Zinc 
Effect 
Stubby roots, leaf scorch, mottling 
DaTk follage; marginal scorch of older leaves of high 
concentrations; stunted, deformed, shortened internodes; 
creeping forms; heavy pubesence; increased gall production 
Yellow leaves with green veins 
White dead patches on leaves 
Dead patches on lower leaves from tips; purple stems, 
chlorotic leaves with green veins, stunted roots, creep- 
ing sterile forms in some species 
Stunted tops, thickened roots; cell division disturbed in 
algae, resulting cells greatly enlarged 
Chlorotic leaves, stem and petiole lesions, curling and 
dead areas on leaf margins, distortion of  laminae 
Stunting, yellow-orange coloration 
White dead patches on leaves, apetalous sterile forms 
Abnormal number of  chromosomes in nuclei; unusually shaped 
fruits; sterile apetalous forms, stalked leaf rosette 
Chlorotic leaves with green veins, white dwarfed forms; 
dead areas on leaf tips; roots stunted 
The alteration of flowers, in color or  habit, has been found to 
be directly related to mineral anomalies. 
as prospecting tools are discussed below in surveying the subject. 
It is noteworthy here to mention some of the variety of changes 
which occur. 
Such relationships 
The color of hydrangea blooms (Eydrangea macrophylla) 
*From H. L. Cannon, (1960) 
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has been found to be related to the aluminum content o f  the 
floral tissue; blue flowers always contain more aluminum than 
pink flowers, The color shift from pink to blue can be induced 
by treatment o f  plants with soluble aluminum compounds (Allen, 
1943) 
Changes in blossom habits are mentioned by Malyuga (loc cit p. 11) 
in poppy plants subjected to molybdenum-copper and other enrich- 
aents. Such blossom alterations are, of  course, only evident 
during the flowering season. 
Abnormal concentrations of metals such as nickel, copper, cobalt, 
chromium, zinc, and manganese may interfere with the assimulation 
or utilization of essential nutrients by plants. Yellowing of 
leaves o r  spotting with dead tissue is evidence of such inter- 
ference. 
form of a plant (Protea goetzeana) in Iiatanga. 
ical or physiological changes for prospecting may require the 
"ability to distinguish genetic changes in otherwise normal species 
or merely to recognize variations in color, size, or shape" (Cannon, 
Copper has caused the development of a creeping sterile 
Use of morpholog- 
1960). 
Specific examples of accumulator plants, their analysis, indicator plants, 
and mineral-related morphological changes are given in the following survey 
of the literature on biogeochemical prospecting. The survey is intended 
to include some examples of each of the relationships discussed above. 
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SURVEY OF BIOGEOCHEMICAL PROSPECTING LITERATTJRE 
Information about efforts in the field of biogeochemical prdspecting 
(including geobotany) was gleaned from many sources. Those cited in the 
following discussion are among the most prominent found in the search of 
.the literature. Although some of more recent prominence may have been 
overlooked, most of the major efforts appearing in print have been examined 
and are mentioned here. 
The literature survey has been divided rather arbitrarily into the areas 
of geobotany and biogeochemistry, mostly because of convenience in pre- 
senting the data. For  the most part, U.S. Geological Survey Abstracts, 
NASA, Department of Defense, chemical, and geological literature served 
as sources, supplemented by personal communications with prominent workers 
in the various related fields. 
The problem of selecting a field method f o r  mineral searching may determine 
the success o r  failure of the investigation (Warren et al, 1952). The 
methods selected as most practical f o r  a particular exploration program are 
determined by the landscape conditions and the type of deposit sought. 
should be noted that biogeochemical techniques in general may have an op- 
timum field season for application, depending upon the climate of the area 
of interest. In practice, the application of biogeochemical techniques, 
although it may sound involved and fraught with conditions and reservations, 
is probably no more complicated than the selection of a conventional geo- 
physical technique (Warren et al, loc cit). 
diagram illustrating the components of a landscape system that may be ex- 
amined during a methods research f o r  prospecting. The landscape components 
which can be selected for examination by various available prospecting 
methods are given to show the range of possible choices. 
ploration methods currently used for prospecting in Canada are also shown. 
The particular landscape investigated, its topography, and the climate, 
should all be evaluated for judicious selection of the Prospecting approach 
to be applied. 
It 
Figure 13 shows an expanded 
Specialized ex- 
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Geologists skilled in the recognition of rock types generally associated 
with ore deposits approach the problem through identification of rock 
types, age, weathering, etc. But since the geological features are often 
obscured by.vegetation, the use of plants--consciously or intuitively--to 
delineate geological structures has long been practiced as an extremely 
useful aid. Although few geologists are botanically knowledgeable, simple 
observations may suffice. The distribution o f  vegetation gives clues as 
to the chemistry of the rocks, because extraordinary chemical assemblages 
in rocks very likely will have unusual vegetation associated with them 
o r  none at all. 
o r  soil types is used in mapping rock outcrops. This is particularly 
useful in arid regions of  alkaline soil in which little o r  no chemical 
weathering occurs to cause differentiation between soils and the rocks 
from which they were derived. In cases in which outlines of geologic 
formations are shown by plant species variations, the delineation may be 
visible in aerial photographs. 
The association of plant species with part,icular rock 
The aerial surveillance tools becoming available, such as orbital obser- 
vation techniques and highly sophisticated lower-altitude photography, 
can be expected to make easier the logical selection of prospecting tech- 
niques to be applied t o  various areas (H. Cannon, unpublished communication). 
The following survey of the biogeochemical prospecting technique includes 
as specific topics: (1) Plant Sampling and Analysis, and (2) Geobotany. 
PLANT SAMPLING AND ANALYSIS 
Prospecting based on the analysis of plants for metal content has been 
used more widely than other techniques involving plants (Cannon, 1960). 
United States Patent No. 2,158,980 was issued in May, 1939, to B m d i n  
of Romford, England, for a "Method of hcating Metals and Minerals in the 
Ground." The method described involves the taking o f  vegetation of the 
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same species at regular intervals along li 
under investigation. The patent also ment 
humus layer may be taken in add 
ashes analyzed 
analytical results are plotted in a map of 
regions in whi the metal is in greatest 
of this procedure have been elaborated by 
late 1930's, to improve the techniques of sampling and clarify results 
with respect to meaningful metal concentrations in plants. 
e 
Absorption by plants of metals in some water-soluble form from the soil 
has been discussed briefly above, and o%hers have reviewed and discussed 
the subject. 
useful, o r  may be of no discernable benefit to the plant. 
amounts of metal in a plant may be much larger than those ordinarily found 
in that plant o r  in other species, and this may be related to extraordin- 
arily high concentrations of metal in the soil from which the plant derives 
nutrients. 
larger than "normal" plants are called "accumulators. ' I  
The metals absorbed may be those which are necessary or 
In some cases, 
A s  stated above, plants taking up quantities of metals much 
For prospecting purposes, however, extraordinary accumulation is not as 
critical as was once regarded, because increasingly sensitive analytical 
techniques are becoming available. 
useful, since relative abundance of elements in the soil may not be ac- 
curately reflected by accumulation in plants. 
if an element is actively accumulated 3y plants from soils which may have 
even less than "average" abundance of that element. 
has been commonly found in-dwarf birch (growing over unmineralized soil) 
to be 1 percent of twig ash, while normal soils contain about 100 parts 
per million zinc (Hawkes, 1957). 
in zinc contents of soils may be confused by factors such as sunlight 
and drainage, which are unrelated to minera 
shown in Table 7 o f  plant analyses collect 
literature of U.S. Geological Survey data, with concentrations o f  some 
of the same elements in specific types of vegetation. 
Such accumulation may not be even 
This circumstance can arise 
Zinc, for example, 
The response of plants to variations 
n. A comparison i 
annon (1960) from the 
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Element 
A1 
Fe 
Mn 
Zn 
I3 
cu 
Pb 
N i  
v 
Mo 
Cr 
co 
Sn 
Be 
k 
U 
Au 
AVERAGE Ml3TAL CONTENT IN ASH OF VEGETATION GROWING 
IN UNMINERALIZED GROUNW 
Metal Content,  ppm 
Average o f  More 
Than 100 Species 
of P l a n t s  
86 10 
6740 
4815 
1400 
700 
183 
70 
65 
22 
13 
9 
9 
5 
2 
1 
0.6 
0.007 
Grasses Herbs 
(Above (Above 
Ground! wound) 
850 666 
119 118 
73 44 
54 33 
25 27 
34 19 
19 10 
10 11 
Deciduous 
Shrubs 
[ Leave s ) 
1585 
223 
85 
91 
25 
15 
1 4  
10 
Trees 
(Leaves 1 
87 
16 
7 
5 
5 
i on i fe r s  
(Need 1 e s 
1127 
133 
75 
57 
21 
5 
8 
7 
*Data from H. L. Cannon, Science 132 (1960). 
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Another interesting comparison is that of metals content of plants with 
those of soils and of the lithosphere as shown in Table 8. This list pre- 
sents a larger proportion of the elements found in the earth, expressed 
in percent because of the wide diversities in the orders o f  magnitude 
o f  the concentrations. The data for plant metal contents in Tables 7 
and 
sources are reasonably comparable. 
8, while not identical, show that averages taken from a variety of 
Species of plants which are generally most meaningful for sampling for 
prospecting have these properties: deep root systems; general, common 
occurrence; and fairly constant correlation between composition of plant 
and soil. Absolute values of metal content in a plant are not, in general, 
as useful for showing mineral enrichment in the supporting medium as the 
accumulation ratio. 
metal content of plant growing over ore 
metal content of same plant over nonmineralized ground Accumulation ratio = 
The structure and acidity of the soil, the ion-exchange properties of the 
soil, and the metabolic characteristics of the plant affect the accumu- 
lation ratio. The properties of the element being sought, plant distri- 
butions, and root characteristics must be considered in selecting a plant 
for prospect sampling. The date. in Table 7 ,  showing variations in metallic 
constituents of plants growing over unmineralized ground, points up the 
value of tile accumulation ratio concept. 
Variations in plants due to soil acidity, drainage, and sunlight from 
one area t o  another may be minimized by determining, and mapping on the 
sampling map, the ratio of two different elements in a given plant species. 
The ratio of copper to zinc is cited as an example by H. W. Hawkes (1957) 
to show the application of this technique to these elements of which the 
ratio in plants is fairly constant despite variations of absolute quanti- 
ties. A copper mineralization in the supporting medium would be indicated 
by a high copper-to-zinc ratio, while an unusually low ratio would indicate 
zinc mineralization (Cannon, 1960). 
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lement 
Li 
Be 
B 
F 
Na. 
M g  
A1 
Si 
P 
S 
61 
K 
Ca 
T i  
V 
C r  
Mn 
Fe 
co 
N i  
cu 
TABLE 8 
MJWN CONTENT OF CHEMICAL ELEMENTS I N  ROCKS, SOILS, 
AND SURFACE PLANTS ( I N  PEECENT)” 
Lithosphere 
6.5 10-3 
6 x 
6 x 
2.7 x 
2.64 
2.10 
8.80 
27.60 
8 x loU2 
9 x 
4.5 x 
2.60 
3.60 
6 x 10-l 
1.5 x 
2 x 
9 x 
5 
1 10-3 
6 x lo-’ 
1 x 
Soi l  
3 10-3 
1 10-3 
2 x lo-2 
6 x 
0.63 
0.63 
7.13 
33 
8 x 
8.5 x 
1 x 
1.36 
1.37 
4.60 x 10-1 
1 x 
2 x 
8.5 x loW2 
3.80 
1 10-3 
4 10-3 
2 10-3 
Plan t  
( In  Ash) 
1.1 x lo-’ 7 
2 
1 x 10-7 
4 x 
2 
7 
1.40 
15 
7 
5 
77 x 
3 
3 
1 x 10 
6.1 x io-’ 
-1 
7 
2.5 x lo-‘ 
7.5 x lo-’ 
1 
1.5 x lo-’ 
5 
2 x 
Clement 
Zn 
A s  
Se 
B r  
Rb 
Sr 
Z r  
Ma 
Ag 
Cd 
Sn 
I 
C s  
Ba 
Au 
H g  
Pb 
Ita 
Th 
U 
Litho sphere 
5 10-3 
5 
1.6 
6 x lo-’ 
3.1 x 
4 x 
2 x 
3 
1 
5 10-5 
4 
3 
7 x lo-& 
5 10-7 
1.6 10-3 
8 
3 
5 x 
7 x 
1 x 
Soi l  
5 
5 
5 x lo-& 
1 x 
6 x lo-’ 
3 x 
3 x 
2 
77 10-5 
5 
1 
5 
5 
-2 5 x 10 
-- 
1 x 
1 10-3 
8 x 10-l’ 
6 x 
1 
Plant 
( In  Ash) 
9 x 
3 10-3 
-- 
1.5 x 
1 x 
3 x 
-- 
2 I O - ~  
1 
1 x lo-6 
5 
5 10-3 
77 
1 
1 10-7 
1.10 x lo-: 
q x 
2 x 
-- 
5 10-5 
*After Vinogradov, A. P.:  Geochemistry of Rare and Dispersed Chemical Elements i n  Soi l s ,  
Moseoe, Izd-vo Akad. Nauk SSSR (1950). 
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The problem of sparity of available plants for uniform sampling fre- 
quency of a given species has been circumvented by still another "ratio" 
technique. The sampling of two species in one area to avoid sampling 
gaps was applied successfully by E. E. Boberts (1949). 
barite deposits, soil and/or plant analyses were performed in five areas. 
Two plant species were sampled and analyzed because of irregular plant 
distribution over the area of interest. The plant analysis data obtained 
for both plants growing close together was scrutinized, and a conversion 
factor was derived for relating the metal content OP one plant to that 
of the other. In this manner, the barium content of the two species was 
plotted as if only one species had been sampled. In the study cited, 
live oak and whiteleaf manzanita were sampled at one lcnown barite deposit, 
and Douglas fir and whiteleaf manzanita at another deposit. By expressing 
the barium analyses of the oak and fir samples in terms o f  the manzanita, 
the results could be simplified and plotted as if only manzanita had been 
sampled. 
correlate with barium levels in the soil samples. 
In a search for 
Variation in the barium contents of the plants analyzed did 
Plants which have been used successfully in biogeochemical studies, o r  
which look promising from agricultural data, are presented in Table 9. 
A few indicator plants are included with these accumulator plants. It 
will be noted that the list includes primarily trees. The data was com- 
piled from various published and unpublished sources, and presented by 
D. Carlisle and G .  B. Cleveland (1958). 
Preliminary sampling and analysis of an area should precede any extensive 
sampling program t o  minimize the effort necessary to acquire meaningful 
data. This preliminary screening should enable the investigator to select 
the one o r  several species of plants most useful in the particular area 
under study. 
Samp 1 ing 
The selection of plant samples for prospecting involves several significant 
variables besides that of  the species having most useful root depth, etc. 
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TABLE 9 
SAMPLE& PLANTS FOR BIOGEOCHEMICAL PROSPECTING 
COmOn 
Green a l d e r  ................ 
WlllOW ..................... 
Scrub oak .................. 
Dnery oak... ............... 
Mountain mahogany .......... 
Mountain hemlock ........... 
Balsam f i r  ................. 
G i a n t  c e d a r  ................ 
Black  cottonwood 
L s r c h  ...................... 
Aspen ...................... 
S o o l p o l a l l i e . .  ............. 
Lodgepole p i n e  ............. 
Englemann s p r u c e  ........... 
S i t k a  spruce ............... 
White s p r u c e . . . .  ........... 
Dwarf j u n i p e r  .............. 
S c r u b  b i r c h . . .  
Mountain b i r c h  
S i l v e r  b i r c h  ............... 
S y r i o g a  orange  ............. 
Mountain maple ............. 
Broad l e a f  maple 
Vine  maple ...... 
c i t r u e . .  ................... 
Flower ing  dogwood .......... 
Black walnut  ............... 
Red cedar. ................. 
Osage orange . . . . .  
syesm0r.e 
Black  c h  
White oak .................. 
Red oak .................... 
Bur oak .................... 
B l a c k j a c k  oak... ........... 
P i n  o a k . . .  ............ 
Black  l o c u s t  ............... 
Nees.. ..................... 
Winged e l m  ................. 
h e r l e a n  e l m . .  .. 
P i n e  ........ 
Hickory  .................... 
C h e s t n u t  ................... 
Oak.... . .  .................. 
WE = rare e a r t h .  
tt Name 
Alnue  s i n u a t e . .  ......... 
S a l i x  s p .  ................. 
Quereus t u b i n e l l a  ............ 
Quereus emoryi ............... 
Cereoearpus  l e d i f  
Teuga m e r t e n e i a n a  
Abies  a m a b i l i s . . .  
Thuys p l i e a t a  ........... 
P i a u s  e o n t a r t a . . . . . .  .... 
L s r i x  o c e i d e u t a l i s  ........... 
P a p u l u s  t r e m u l o i d e s  .......... 
S h e p h e r d i a  c a n a d e n s i s  ........ 
Pseudotsugo t a r i f o l i a  
Thuja  p l i e a t a  ........ 
Tsuga h e t e r o p h y l l a . .  ......... 
J u n i p e r u s  seopuls rum ......... 
J u n i p e r u s  s p .  ............... 
P i n u s  monophylla ......... 
P i o u s  ponderosa 
P i n u s  a l b i r a u l i  
P i c e a  engelmsoni  ............. 
P i e e a  s i t c h e n s i s .  ............ 
P i e e a  g l a c u a  ................. 
J u n i p e r u s  e o m u o i a  ........... 
Abies  l a s i o c a r p a .  
B e t u l a  g l a o d u l o a a  
B e t u l a  o c c i d e n t a l  
B e t u l s  p a p y r i f e r o . .  .......... 
P h i l a d e l p h u s  lewi  si 1. ........ 
Aeer g labrum ................. 
............................. 
Populua  p r a n d i d m t a t a  ........ 
B e t u l a  f o n t i n e l i s  
Abies  g r a n d i s  ................ 
Salix s c o u l e r i a n a  ............ 
Aeer macrophyl l  
Acer c i r e i n a t u m  
Prunus  demia 
c a r n u s  n u t t a  
............................. 
Cornus f l o r i d a  ............... 
J u g l a o s  n i g r a  ................ 
Maclura pomifera  
Quereus a l b a . . .  .............. 
Quercu8 b o r e a l i s  maxims.. ... 
Quercus maerocarpa ........... 
Querew m a r i l a n d i e s  .......... 
Quercus m u h l e n b e r g i i  ......... 
Quercus p o l u s t r i s  ............ 
q"erc"8 S t e l l a h  
Quereus velutina 
Rhus e o p s l l i n a . .  
Robin ia  paeudoacac ia  ......... 
S a s s a f r a s  olbidum ............ 
U l m u s  a l a t a  .................. 
Ulqrus amer ieana  
Lilmus f " l W  ........... ............................. 
Acer saccharum ............... 
N i l l e t t i a  s p .  ............... 
Nevbould ie  l a v i s .  ............ 
T r i e h i l i a  p r i e v r i a n e .  ........ 
Met -- 
2, 
x 
K 
- 
K 
x 
K 
K 
x 
x 
x 
K 
K 
x 
x 
x 
K 
K 
K 
x 
x 
x 
x 
x 
x 
K 
x 
K 
X 
x 
x 
X 
X 
x 
x 
x 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
x 
X 
X 
x 
X 
X 
X 
X 
X 
x 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
- 
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TABLE 9 
(Continued) 
P1, 
CODEllLW 
I l u e  oak .................. 
h g e b r u s h .  . 
,dial.. .... 
Led h u c k l e b e r r y . .  ..... 
CInnik ioniek  .......... 
%lse box .................. 
1nze1.. ................. 
3 l u e b e r r y  ................. 
)e"ll's c lub. .  .. 
3raeken ......... 
1cean s p r a y .  .... 
*sq" l te  ................... 
I l l k v e t c h  .................. 
i o r s e t a l l s  ................. 
dvx b e r r y  ................. 
Sagebrush.. .............. 
( l o l e t  ..................... 
l i o l e t  ..................... 
B u t t e r  and e g g s  ............ 
l e d  c l o v e r . .  ............... 
Corn.. ..................... 
Golden r o d .  ................ 
H o r s e t a i l  .................. 
P l a n t a i n .  ............. 
Ksgweed .................... 
Shad bush  ................. 
Solomon s e a l  ............... 
V i o l e t . . .  .................. 
Wild c a r r o t .  ..... 
Yarrow .......... 
Ground c h e r r y  .... 
Hackberry  .................. 
Smart weed ................. 
Hagweed .................... 
L i t t l e  b l u e s t  
Dogbane. ..... 
Cudweed . . . . . . . . . . . . .  
S u n f l o w e r . . . .  . . . . . . . . .  
Pokeweed ................... 
Buckbush .................. 
S a s k a t o o n . . .  ... 
C l o v e r . .  ....... 
B e e t s .  ........ 
Beans ..................... 
s w e e t  leaf ................ 
Galax  .......... 
White c l o v e r . . .  . 
s w e e t  Clover  .............. 
v l o l e t  .................... 
Tobacco .................... 
Woody o s t e r  ............... 
D e v i l ' s  p a i n t  brush.. .  .... 
Chick p e a . . . .  ............. 
Two grooved poisonvetch . .  
*RE = rare e a r t h .  
t Name 
puercus d o u g l a s i i  ....... 
A r t e m i s i a  t r i d e n t a t a . .  .. 
G a u l t h e r i a  s h a l l o n  ........... 
Pachystima m y r s i n i t e s . .  
Voocinium ~ p .  ............... 
P t e r i d i u m  a q u i l i n u m  
H o l o d i s c u s  d i s c o l o r  
P r o s o p i s  j u l i f l o r a .  
A s t r a g a l u s  ap. .............. 
O r y z o p s i s  hymeooidea ......... 
A t r i p l e r  e o n f e r t i f o l i a .  ...... 
Vaccinium v i t i s  i d a e a . . .  
Ledum palustre.. ........ 
Equise tum s p .  .......... 
C a r y l u s  e a l i f o r n i c a .  ......... 
Eehinapanax h o r r i d u a  ......... 
A r t e m i s i a  t r i f i d s  ............ 
V i o l a  ea laminar ia**  
T h l o s p i  e a l a m i n a r i a  
Amorphia eanascens**.. ....... 
V i o l a  t r i c o l o r x x . .  
T h l a s p i  a l p e a t r e * *  
Asparagus  o f f i c i n a  
L i n a r i a  v u l g a r i s  ............. 
Equisetum arveose ............ 
L o h e l i a  m f l a t a  .............. 
L o b e l i a  s y p h i l l i t i c a  ......... 
P l a n t a g o  l a n e i o l a t a  .......... 
Pyenanthemum f l e x u o s a . .  
Ambrosia a r t e m i s i i f a l i a  
Amelanchier  caoadens ia .  
S m i l a e i n a  racemose ........... 
Tomanthera auriculata.. ...... 
Daueus c e r o t a . . . . .  .......... 
A c h i l l e a  m i l l e f o l i u m  ......... 
P h y s a l i s  ap. ................ 
C e l t i s  o w l d e n t a l i s . .  
Persiorr, h y d r o p i p e r  
Ambrosia c o r o n o p i f o l i a  ....... 
Ambrosia e l a t l o r  ............. 
Ambrosia t r i f i d a . . . . .  ........ 
Andropogon s c o p a r i u s  ......... 
V i o l a  s a g i t t a t s t  .............. 
Andropogon f u r e a t u s  .......... 
Apocynum s i b i r i c u m  ........... 
Cnapbalium o b t u s i f o l i u s  . . .  
E e l i a n t h u s  m o l l i s . . . . . .  ...... 
L l a t r u s  aspera ............... 
P h y t a l a c c o  d e e s n d r a  .......... 
S a l v i a  p i t e h e r i  .............. 
Sorghaa t rum n u t a o s . .  ......... 
Symphor iearpos  o r b i e u l a t u s  ... 
T r i d e n s  f l a v i s  ............... 
Vernonia  i n t e r i o r  ............ 
e h i e r  a l n i f o l i a  ........ 
....................... ....................... 
............................ ............................ ............................. ............................. 
............................. 
........... .... 
P o l y c a r p i a  spiros y es. . . . . .  
Thymus aerpyl lum ............ 
V i a l s  h i r t o  ................. 
X y l o r h i z a  p a r r i  ............. 
A s t r a g a l u s  p e e t i n a t u s  ....... 
**Denotes p l a n t s  a l s o  used a s  I n d i c a t o r s .  
TABLE 9 
(Concluded) 
o Mg 
Plant Name Metal Detected 
I I CUI 2, COlUW.0" Sclentlfle 
I I  
Ba PI 
X 
X 
Dandelion .................. 
Stmleyo pionata ............. 
Arctostaphylos 
Adenostama fa8 
Medicagohiapida. 
lotus cornieulat 
Trifolium repene 
Trifolium fregiferum ......... 
Trlfollnm subterramum ....... 
Nelilotus alba. .............. 
Melilotus indica 
Melilotus sativa 
Triticum vulgare 
Hordeum vulgar 
Chloris gayaDa 
Bauti loua ro 
Bschscholtzis mericana".... 
Eolostium umbellat urn ........ 
Viscaria alpinn** ...... 
Melandrium dioecum**... 
Polyearpaie epirostylus** ... 
Eosa wodsi- 
,Equisetum variegatum** ...... 
1 Coeoridium dumosum .......... i Dasiphara frutieosa**. ...... 
Fathrock grams grass ...... 
California poppy ........... 
Carnation. ................. 
Wild  OB^ .................. 
Horsetail .................. 
Bush cinquefoil ............ 
- 
5 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
*RE i rare earth. 
**Denotes plants also used as indleatora. 
Compiled from various published and unpublished sources. 
Compiled from D. Carlisle and G. B. Cleveland, Plants as a Guide to 
Mineralization, State of California, Department of Natural Resources, 
Division of Mines, San Francisco (1958). 
These variables include plant part to be sampled, season optimum for 
sampling, and sampling pattern. 
The portions of plants to be sampled have been viewed by some workers 
as critical to the success of the prospecting effort. 
able effort aimed at clarifying this problem, Warren, Delavault, and 
Irish (loc cit) resolved it into three parameters: (1) which plant organ 
can be most readily collected, (2) which can be most easily analyzed, and 
(3 )  which organ responds most readily to geological anomalies. 
sults of their investigations, while not final, are enlightening. 
After a consider- 
The re- 
1. Plant organ most readily collected. 
various trees for copper and zinc showed that wood and bark 
yielded erratic results. 
but suffer in that their metal content and their accessibility 
are seasonal. Needles are troublesome t o  collect, but available 
The analysis of parts o f  
Leaves have been used successfully, 
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all seasons. Drying before removal from stems renders the col- 
lection of needles somewhat easier. Young buds and branch tips 
of evergreens are easy to collect, after the early part of the 
growing season. Stems of one full season's growth were judged 
most satisfactory because they are easily collected, are seldom 
contaminated with dirt, ash easily, may be taken from deciduous 
trees in winter (while leaves cannot), are easily denuded of 
leaves o r  needles, are readily prepared for shipping, and do 
not mold (Warren and Delavault, 1948, 1949; and Reichen and 
Lakin, 1949). 
2. Plant organ most easily analyzed. Stems of one full season's 
growth were found most convenient for analysis, based upon an- 
alytical results of a variety of plants, the relatively high 
metal content, the low ash content, and ease of ashing. Second- 
year twigs, on the other hand, may give more reproducible results. 
Other plant organs, such as leaves, have been used almost exclusively 
by some workers, and in some cases analytical methods have been 
evolved for the circumvention of specific problems (Reichen and 
Lakin, 1949; Rankama, 1940; Reichen and Ward, 1951). 
3. Plant organ most responsive to geologic anomalies. Because o f  
variations in metabolic processes, and in the functions of dif- 
ferent plant organs, the metal content of different organs of 
the same plant may be dramatically different, as may the same 
organs of different plants. Absorbed materials move from the 
roots to various structural parts of the plant, generally the 
younger parts which are more actively growing. On the contrary, 
heavy metals which are incompatible with most plants tend to 
accumulate in the roots. Such diverse results as 2200 parts 
per million vanadium in deep roots vs 78 parts per million in 
a surface root and 55 parts in tree branch tips were found by 
Cannon (1964). Mrs. Cannon points out that the usefulness of 
roots in prospecting has often been overlooked because of the 
necessity f o r  extensive digging, the difficulty o f  identifying 
the tree to which a given root belongs, and the interference of 
soil contamination. Redistribution of nutrients within the plant 
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as metabolic requirements change, perhaps with season of climatic 
conditions, has an adverse effect in the problem o f  organ sampling. 
Carlisle and Cleveland (1958) present data, shown in Table 10, 
based on nine biogeochemical investigations, involving metals in 
75 tree samples and 13 smaller plants. The organs are listed in 
order of decreasing metal concentration. It is noted that in the 
tree samples, leaves showed the highest metal concentration in 
49 percent of analyses, while in 28 percent of the samples twigs 
were highest. In the smaller plants, the leaves had highest metal 
concentration in 77 percent of the samples. 
TABLE 10 
ORGANS WITH TBE HIGHEST METAL CONCENTRATION, 
IN ORDER OF DECREASING CONCENTRATION 
Trees Snaller Plants 
1; Leaves 1. Leaves 
2. Twigs 2. Roots 
3. Cones 3. Stems 
4. Wood 
5.  Roots 
6 .  Bark 
Uptake o f  material from the soil levels off to a constant value after 
a plant reaches a certain minimum age, characteristic for each type o f  
plant. This is true for the plant as a whole, but the effect of seasonal 
growth, as previously mentioned, is probably the cause f o r  the erratic 
results of analyses of young plant organs. 
able, temperature, flowering, and fruiting cycles may cause fluctuations 
in the metal content of plant organs. 
The sunlight and water avail- 
In general, all these variables may be considered in the sampling oper- 
ation, but variations which may confuse the study will be minimized if 
comparisan of metal content is made only between the same plant parts 
of the same age, of the same species, and from the same height on the 
plant. 
branches of one side of the tree are fed from the roots on that side of 
the tree. The entire area to be sampled should be, as far as possible, 
Samples should be taken from all sides of a tree, since the 
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TABLE: 11 
EFF'ECT OF SEASON ON BlOLYBDJ3NlJbi CONTENT OF PLANTS 
Plant 
-41 fa 1 fa 
Alfalfa 
Mehlotus alba 
Mehlotus alba 
Lotus corniculatus 
Lotus corniculatus 
modes grass 
Rye grass 
Rye grass 
Orchard grass 
Orchard grass 
lJat,er grass 
Bermuda grass 
Location 
Coloma 
Buttonwil low 
Pond 
Greenfields 
Greenfields 
Wasco 
Buttonw i 11 0% 
Grrenf ie Ids 
Shafter 
Pond 
Sha f ter 
Buttonwi 110% 
Greenfields 
Molybdenum in Leoves, ppm 
Spring 
pri 1-May 
16.0 
.9.2 
-- 
18.1 
30.0 
20.6 
8.1 
2.5 
4.3 
1.7 
3.6 
7.9 
4.0 
Summer 
me-Julj 
20.0 
11.3 
32.0 
44.8 
43.6 
31.0 
14.0 
4.3 
7.5 
5.0 
4.9 
-- 
-- 
Fall 
28.4 
18.0 
77.5 
eptember-October 
-- 
92.2 
72.0 
25.0 
6.5 
10.0 
-- 
9.8 
8.2 
7.6 
covered at about the same time. 
analyses o f  plants sampled in various locations in Kern County, California, 
is given in Table 11, after Barshad (1951). 
An interesting comparison of molybdenum 
Vlarren, Delavault and Irish (ibid.) found no substantial differences between 
high and low branches, or variations in samples taken at different times 
of the day. 
be of the same size so that their roots extend downwards to approximately 
the same depth. 
Brundin, in his patent (1939), recommended that sampled trees 
Sampling Pattern. 
by Phillips and others (E. A. Phillips, 1959). 
pattern of sampling in a given area depends upon the size and shape of 
the area. In areas where the suspected ore-bearing terrain is level and 
with a uniform cover, systematic sampling on a grid pattern is a technique 
often employed (Ward et al, USGS Bulletin 1152). 
tree samples may be large (100 to 200 feet) initially, decreasing to 50 
feet or less in areas showing anomalies. In areas in which there is a 
sloping rock-debris cover (talus), such as at the foot of hills or cliffs, 
much smaller distances, such as 15 feet or so ,  are to be recommended. 
Formal methods of vegetation study have been described 
In general, however, the 
The distance between 
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Care in sampling procedures must be taken to avoid or remove contamination, 
or all the care in selecting samples will be negated. Contamination in 
the field arises from two particular sources: windblown matter from dumps, 
smokestacks, etc.; and soil contamination by physical contact or rain- 
spatters. Twigs should be sampled in preference to leaves in areas of 
likely Contamination, since the total area of potential contamination 
is smaller compared to the total volume of the organ. 
Contamination can be removed by washing the sample carefully in dilute 
hydrochloric acid, or by peeling away bark from roots or twigs. Distilled 
water, or some detergent wash followed by distilled water, may be suffi- 
cient to remove dust. The necessity for removal o f  contamination cannot 
be over-emphasized, since many analytical methods for materials of economic 
importance are extremely sensitive. For example, the determination of 
copper by dithizone is sufficient to detect the small amount of metal 
picked up by a hand during the turning of a brass doorknob. The possi- 
bilities of contaminating (by dust) sample containers in the field must 
not be overlooked (Carlisle and Cleveland, loc cit). 
Analysis 
A complete discussion of analytical methods useful in determination of 
metals in plants for the delineation of geologic anomalies is beyond the 
scope of this work. A brief description of methods available, and of 
analytical problems peculiar to the analysis of plants will be undertaken, 
however. 
Preparation of Samples. 
techniques which is often cited as a disadvantage is that plant analyses 
require careful preparation of samples prior to chemical analysis for the 
analytical results to be reliable for geological interpretation. 
sample preparation involves several steps, and the selection o f  the pre- 
paration procedure may depend upon the elements sought. 
One of the aspects of biogeochemical prospecting 
This 
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Metal analyses are often related to the "dry weight" of the plant material, 
in which case the first step is the drying of the plant sample in the sun 
or in an oven, to remove water but leave 
sometimes weighed before and after dryin 
water content. The dried material is wei 
move the remainder of the organic, woody 
portion to a form suitable for analysis. 
is important, since some elements are easily lost by improper handling at 
this step. "Dry ashing" and "wet ashing" are the alternative methods 
appl i cab 1 e. 
!'Dry ashing" is a technique in which the samples are ignited to a temper- 
ature sufficient to burn away the organic material and leave the inorganic 
ash as residue. The ignition may be by carefully controlled electric fur- 
nace, or by a simple burner or brazier for field ashing. 
laboratory, using a furnace, entails placing the dry sample in a dish or 
crucible and positioning the dish in a cold furnace. The temperature of 
the furnace is increased slowly, usually t o  500 to 600 C (932 to 1112 F),  
and held at the temperature for at least several hours. The furnace is 
then cooled and the ashes are weighed. This procedure is convenient in 
the lab, but field ashing may require more manipulation. 
Ignition in the 
The U.S. Geological Survey has described the use of a charcoal brazier 
for field tests, which has been found satisfactory for uranium and pro- 
bably is useful for many heavy elements. The procedure involves cover- 
ing the bottom of a brazier with aluminum foil and a 1- to 4-inch layer 
of coarse gravel. Each sample is placed in an aluminum can and covered 
with a lid bearing a l/2-inch hole. 
the charcoal used to ignite the samples. 
viously useful, but is neither as complete nor reproducible as laboratory 
procedures (Ward, Lakin, Canney, et al, U.S.  Geological Bulletin 1152, 1963). 
A wire sleeve supports the can above 
Such a simple procedure is ob- 
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The ash procured by the ignition method is subsequently analyzed by a 
process suitable for the element of interest, some of which*are dis- 
cussed below. If chemical analysis requiring a solution is to be carried 
out, such as colorimetric methods, the ash must be dissolved, usually in 
hydrochloric acid. The usual procedure involves the transfer of the ash 
to a beaker, where the ash is moistened with a few drops of water then a 
few drops of concentrated hydrochloric acid. 
to dryness, slowly, to avoid spattering. The beaker i s  cooled somewhat, 
followed by the addition of a few milliliters of hydrochloric acid then 
a few of water. This acid treatment usually dissolves most materials, 
but more refractory samples may require fusion of the ash with sodium 
carbonate or potassium bisulfate before the materials can be dissolved 
in water o r  dilute acid. 
This solution i s  evaporated 
Elements such as mercury, arsenic, antimony, and selenium may form vola- 
tile compounds under the conditions of dry ashing by any method, which 
precludes the application of this technique to samples in whiph such 
elements are of interest. The "wet ashing" procedure must be used for 
these and other elements which may be at least partially vaporized by 
ignition with carbonaceous matter. 
"Wet ashing" involves the destruction of organic matter with chemicals. 
The dried sample is weighed, placed in an Erlenmeyer flask (usually fitted 
with an a i r  condenser), and digested in a mixture of sulfuric and nitric 
acids. Small portions of concentrated nitric acid are added to the boil- 
ing mixture at short intervals until the liquid becomes straw-colored o r  
pale yellow. At this stage, a few milliliters of hydrogen peroxide 
added to the solution to hasten the removal of the last traces of organic 
matter and to destroy oxides of nitrogen which may interfere with subse- 
quent analyses. 
water, usually to a known volume, so that portions may be analyzed for one 
or more metals (Ward et al, loc cit) . 
The resultant colorless solution is diluted with distilled 
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The U.S. Geological Survey Bulletin cited describes the compressing of 
plant sample material into pellets before ashing by ignition or chemical 
methods. 
samples may be fitted into a furnace or othe 
found to save time by permit ng more sample 
smaller containers, and also to result in more uniform ash. 
consists o f  pulverizing the dried vegetation in a blender or other pul- 
verizer, then compressing a weighed portion in a hydraulic press. 
The pelletizing reduces the volume of samples, so that more 
nition device; this was 
The procedure 
Elemental Analysis. 
depends upon the element to be analyzed, the sensitivity necessary to mon- 
The method by which a plant ash is to be analyzed 
itor the clement of interest, and the speed with which results must be 
obtained. The requirement of rapidity in a method is usually governed 
by the acczracy necessary to give useful results, so that a compromise 
is usually required, the method selected being the most rapid without 
sacrificing minimum accuracy essential for the study. Methods used cur- 
rently are primarily colorimetric or spectrographic, most of which are 
rapid, sensitive, and sufficiently accurate to yield data of the required 
quality with the required rapidity for prospecting on a fairly broad scale. 
Workers in the U.S. Geological Survey laboratories have devised a fluori- 
metric method of analysis for uranium in plant ash. 
the mixing of the plant ash with a fluoride-carbonate flux, and the measure- 
ment photometrically by a transmission fluorimeter of the fluorescence of 
the resulting flux button. Manganese and some other elements interfere 
with the measurement by quenching the fluorescence, hence must be separated 
chemically from the uranium before formation of the flux button. 
ores have also been monitored for radioactivity as an analytical method; but 
The method involves 
Uranium 
alpha-particle counting may be masked by potassium, which is often a major 
constituent of plant ash (Grimaldi, May, and Fletcher, 1952). 
Colorimetric methods are those which depend upon the formation of some 
specific colored compound when proper chemical reagents are mixed with 
the metal-bearing sample solution to be analyzed. 
Survey Bulletin on Analytical Methods (cited above) describes relatively 
simple methods for 24 elements, which are useful by workers having little 
technical training in field analyses as well as laboratory work. Many of 
the procedures described are colorimetric methods. 
The U . S .  Geological 
Three types of colorimetric methods are presented: 
1. Solution extraction, in which the desired metal is removed f rom 
the aqueous solution (resulting from ashing treatment) into 
another solvent not miscible with water, which carries a reagent 
forming some colored compound (usually a complex) with the de- 
sired metal. The shade or intensity of the color formed is re- 
lated to the quantity of the element present, and may be estimated 
b:- comparison with prepared standard solutions. 
2. Paper chromatography, which is based upon the separation on a 
japer strip o f  the desired metal from other constituent. of the 
sample. This is followed by the treatment of  the paper with a 
reagent, usually sprayed on, which causes the formation of a 
colored compound o f  the desired metal. 
area and/or its intensity is related to the quantity of the element 
present, again estimated by comparison with standards. 
The width of the colored 
3. Confined-spot tests, in which the sample is introduced into or 
forced to pass through a confined area of a paper (or other 
material) which carries a reagent. 
with the reagent to form a colored compound, which is compared 
with standards, as discussed above. 
The metal of interest reacts 
Colorimetric methods of all of these types are usually very useful for 
field work, as described by the workers at the U.S. Geological Survey, 
and in more general laboratory texts on analytical chemistry. The re- 
agents and apparatus required are ordinarily simple and readily acquired 
from chemical suppliers. 
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Spectrographic methods depend, briefly, upon the excitation of light 
from the metals to be detected by means of an electrical discharge. 
light from this excitation, the wavelengths o f  which are characteristic 
of the element excited, is recorded on a photographic film. The intensity 
of the light is related to the amount of the element present in the sample, 
which may be used to estimate the quantity by comparison with standards. 
The equipment required is obviously n o t  simple. 
and the Soviet Union have each procured mobile spectrographic units for 
use in the field (Canney et al, 1957). Fortescue and Hornbrook (1967) 
describe the Canadian spectrographic equipment and their procedure f o r  
analysis of samples. 
as an example of the analytical steps required in this method (from p. 77 
The 
The United States, Canada, 
Their brief procedural outline is shown in Fig. 14 
o f  the cited report). 
Sample batch of oven dry mater ia l  ashed overnight i n  muffle 
furnace. 
Ash cooled, weighed and mixed. 
A 10 mg port ion of ash of each sample placed on pletrode a f t e r  
mixing with a known volume of sugar so lu t ion  containing indium 
a s  an  i n t e r n a l  standard. 
Each suspension of a subsample in sugar so lu t ion  dr ied  under 
a heat  lamp. 
reference standard. , Samples prepared i n  batches of 15, plus  a 
Batch of prepared platrodes exc i ted  while r o t a t i n g  i n  spark 
discharge. 
and recorded on photographic film. 
Light emitted is  passed through the  spectrograph 
1 
The f i lm is  developed and fixed. 
t o  dry. 
After  washing it is  allowed 
I 
t 
Film with 16 spec t ra  is  matched v i s u a l l y  with a master f i l m  
made by exac t ly  t h e  same technique a s  t h a t  described above, 
except t h a t  synthe t ic  plant  ash base standards 3re s u b s t i t u t e d  
f o r  unknowns. 
1 
The r e s u l t s  obtained from the  unknown samples and t h e  standard 
spectrum a r e  recorded element by element on s p e c i a l l y  designed 
cnmputer input  sheets .  
Figure 14. Flow Sheet Showing the Sequence of  Operations Involved in 
the Analysis of a Batch of Samples of Plant Material by a 
Field Spectrochemical Method. From: Fortescue and Hornbrook, 
1967. 
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For specific analytical methods for individual elements, the reader is 
referred to U.S .  Geological Survey Bulletin 1152, cited above, and to 
the analytical chemical and geochemical literature. 
The results of plant analyses, once procured by an appropriate p 
are processed to relate the metal content of plants to the area from which 
the samples were taken. This may be done by plotting directly the con- 
centrations of metal on a map to allow the location of areas of highest 
concentra$ions. Alternatively, the results of  the analyses may be com- 
pared to results obtained from the samples taken from mineral-barren areas, 
and the accumulation ratio plotted. 
Content over ore 
Content over unmineralized area Accumulation ratio = 
The ratios of one metal (such as copper) to that of another (such as zinc) 
may he c!-?termined and plotted on the map. In any o f  these cases, it some- 
times i i  "seful to set a value of t h p  ratio or the concentration of the 
metal as a "threshold," or minimum value, below which the area is to be 
regarded as mineralogically not promising, and above which more investi- 
gation o r  serious effort should be expended for ore recovery. Since the 
concentration o f  the metal found in a particular plant species depends 
upon the chemical character of metal, the plant, the acidity o f  the soil, 
the exchange capacity, and the topography of the soil, the ratio method 
might be the most reliable guide in most investigations. 
GEOBOTAXV 
A s  discussed above under theoretical considerations, the geobotanical 
method of prospecting rests upon the facts that plants may indicate min- 
eralized areas by their conspicuous presence or absence in the area, or 
by morphological changes produced in the plants by the presence of the 
minerals. Secondary effects produced in animals which eat mineral-affected 
or enriched plants may also be used as clues to the location o f  ore-bearing 
areas. 
of a plant population to indicate the presence o f  a mineral enrichment 
has the obvious advantage that time, effort, and money may be saved if 
costly chemical studies may be circumvented or reduced in locating even 
the general area of  an ore, 
gated this technique seriously for some time, probably because of the 
vastness o f  the territory in which economically valuable materials may 
be sought in that country. Workers in Canada and the United States also 
have expended effort in the development of the botanical technique. Re- 
examination of Fig. 12, from Fortescue and Hornbrook (1967) is useful, 
noting the effects on plants of minerals in the supporting medium which 
will give rise to details useful in botanical prospecting. The following 
discussion of the technique as applied by workers in the field is arranged 
so that plants whose presence is indicative of certain metals (“indicators“), 
those plants whose physical appearance may reflect abnormal mineralization, 
and the mineral conditions which may debilitate all plant growth are con- 
sidered senarately. 
The use of physical changes, in population or physical condition, 
Workers in the Soviet Union have investi- 
Sparseness of Vegetation 
The thinning or total debilitation of vegetation in an area may be the 
result o f  deficiency of a necessary nutrient, excess quantities of a toxic 
or even an essential metal, adverse acidity conditions of the soil, or 
artificial denudation of the area by human activity. Even with all of 
these contributing factors, the phenomenon of dramatic decrease or ab- 
sence of vegetation in an otherwide plant-covered area may be a good in- 
dication that an ore body may be present, and further investigation might 
prove profitable. This shred of information is as much or more than that 
offered by many other methods of exploration employed in the search for 
natural resources. The knowledgeable prospector need not waste time 
blindly exploring every thinning of vegetation, however, if other infor- 
mation about the area is available. 
area of California, where boron is economically recovered, a conspicuous 
For example, in the Mojave Desert 
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debilitation of vegetation cover might lead an observant prospector to 
suspect. logically, a boron enrichment, allowing field tests for boron 
to be applied before more expensive complete analyses were requested on 
samples. Similarly, toxic amounts of  copper might be first sought by 
field met!iods in Arizona's well-knnwn copper areas before exhaustive 
laboratory analyses were procured. While observations of this type may 
lead to discovery of economically unimportant causes for the vegetation 
spareness. contrarily, they may lead to rapid and relatively inexpensive 
discover-- of valuable materials. Since many metals may be toxic to plants 
in concentrations much above the physiological requirements o f  the plants, 
specific consideration of toxic elements appears to be superfliious in this 
discussi(-Bn. It must be noted, however, that the amount of an element 
which can Sroduce toxic symptoms in species of plants depends upon the 
plant, the element, and the characte-istics of the soil. The technique 
of using conspicuous plant sparseness as an indication of mineralization 
is useful as a screening tool, if not a specific or quantitative clue to 
minerali- a 5 i  on. 
A stark Pxanple of the effect of mineralization in killing vegetation is 
the moderii tree stump-killing chemicals to be found in nurseries. Many 
o f  these contain copper salts. which are applied to eliminate the small 
shoots ibtliich persist around tree stumps until the roots are killed. Ar- 
senic ant poisons liberally applied around any garden will debilitate or 
plants in the immediate vicinity. Arsenic is a common component 
in weed killers by tobacco growers to air their crops. A drive along loads 
below mines from which arsenic-laden 3r otherwise mineralized waters are pumped 
yields evidence of the efficiency t f  plant-killing by such metals. 
T.;xamples or' the use of this phenomenon in prospecting were cited by Helen 
Cannon iii I!er 1960 article. 
Armenia, PtLodesia, and the Congo, in which the lack o f  vegetation, or its 
sparsenesr, in otherwise forested districts, were prospected successfully; 
( 2 )  barren areas near pyrite deposits in Italy; ( 3 )  platinum in the Urals; 
(4) zinc deposits in New York State; and (5) strontium su1fat.e nines in 
Arkansas. also located in this manner. 
They include: (1) copper-poisoned areas in 
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Indicator Plants 
The general population of plants growing in any given geological situation 
is a balance between the requirements of the plants with respect to nu- 
trients, sunlight, soil consistency, moisture, acidity, and many other 
factors. Since the different species of plants have particular require- 
ments, some thrive in acidity and mineral conditions that kill others. 
Some plants do not grow in areas deficient in a metal required for the 
metabolism o f  that plant and not for that of most other plants, yet will 
thrive in areas in which that metal occurs in concentrations toxic to 
most other plants. While the presence of such metal-dependent plants 
always indicates mineralization, their absence does not necessarily ex- 
clude the presence of ore, since all of the nutritional and environmental 
requirements o f  a plant must be met if it is to survive. 
whose presence indicates the availability of a minimum amount of a parti- 
cular metal to the roots are called universal indicators. 
-
These plants 
Local indicator plants are those which have been demonstrated to indicate 
mineralization only in specific ecological or geographic locations. These 
plants accumulate or tclerate fairly high concentrations of minerals, but 
do not require the metallic constituents of  the mineral for growth. 
a mineralized area in which they do occur, their population density is 
often greatly above that in unmineralized areas. This may be due to lack 
of competition for water and nutrients by mineral-intolerant plants. 
indicators are often classed as primary or secondary: primary indicators 
react to the metal of interest, while secondary indicators respond to some 
condition associated with the ore. Mention 02  local indicators in the 
literature often omits the distinction between these classes, which may 
In 
Local 
lessen their usefulness to prospectors. 
gation of California poppies, a local copper indicator, is shown in Fig. 15. 
An example of an unusual aggre- 
The use of plants as indicators for mineralization involves preliminary 
efforts to identify and test the validity of plant-ore relations. Which 
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Figure 15. California Poppies (Eschscholtzia mexicana) , Indi- 
cating CoFFer Mineralization Bounded by A Fault, 
in San Manuel, Arizona (Frorr! H. L. Cannon, 1960) 
species of plant is useful as an indicator will, of course, depend upon 
the chemical nature of the ore body and the position of ground waters. 
The steps usually required in a systematic search for indicators are: 
1. Discovery of indicators. This may be approached by examination 
of the vegetation growing in soil known to be mineralized, and 
preparation of lists of all the species present. Tolerant plants 
and indicators are identified from this activity. Any plant may 
be used as a prospecting indicator if its distribution is directly 
controlled by - any factor related to the overall chemistry of a 
depo sit . 
2. Evaluation of indicators. Presence of any of these listed plants 
in a new area is noted and study of such distribution proceeds to 
determine usefulness in prospecting. This evaluation ideally 
includes the study of the biology and ecology of the indicators 
and their relationship with the mineral wit 
same is true of most exploration techniques. 
Universal indicators have been applied successfully to prospecting in 
widely divergent conditions. 
bryophytes (mosses and liverworts) in Alaska, and tabulated species which 
grow commonly o r  exclusively on o r  near ores of copper, lead, zinc, ner- 
cury, antimony, arsenic, and other elements. 
and 1964) studied various areas in the Western United States. 
For  example, Shacklette (1965) studied 
Cannon (1956, 1957, 1960, 
The number of identified universal indicator plants is limited to very 
few. Plants known to indicate specifically the presence of copper, cobalt, 
selenium, uranium, vanadium, and zinc have been reported and summarized 
by Helen Cannon (1960 and 1964) and by D. P. Malyuga (1963). 
presents data on universal indicators derived from the summaries o f  these 
two workers, who in turn gleaned it from the literature. Table 13 lists 
data presented by Cannon (1960) on local indicator plants used in prospecting. 
Reference books and other compilations of plant indicators are mentioned in 
literature cited by Chikishev (1965). The availability of some of the com- 
pilations is probably limited; however, a list of such works is given in 
Table 14, 
Table 12 
The information given in reference books, such as those mentioned, varies 
from author to author, but generally includes information about the indi- 
cator plant's appearance, flowers, locale o r  occurrence, districts in 
which it has been found useful, and often pictures and/or drawings of the 
plant, with o r  without bloom. 
typical landscape, and special features, such as plant odor, may be included. 
Geological features of the soil and terrain, 
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TABLE 14 
INDICATOR PLANT IEPEBENCE WORKS 
Helen L. Cannon 
I. V. Larin 
A. Krudener 
A. Becker 
W. Escher 
R. Mussgang 
I. Zacharias 
E. A. Vos tokova 
A. V. Shavyrina 
N. N. Preobrazhenskaya 
L. N. Tagunova 
A. G .  Chikishev 
D. P. Plalyuga 
DC (1957 
(1941). 
Reference Book on Plant Indicators o f  Ground- 
waters and Terrains in the Southern Deserts of  
the USSR. (Mentioned in A. G. Chikishev, below) 
Plant Indicators of Soils, Rocks and Subsurface -
Waters, Consultants Bureau, New York (1965) 
Biogeochemical Methods of  Prospecting, Consultants 
Bureau, New York (1964). 
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Figures 16, 17, 18, and 19 from the H. L. Cannon reference cited illustrate 
several of the selenium-indicating plants found useful for uranium pro- 
specting on the Colorado Plateau. 
of Astragalus confertif l o r u s  (blue poisonvetch), with description of the 
plant's dimensions, habit, and other useful details. Figure 17 is a photo- 
graph of the actual plant, with a small penknife alongside for dimensional 
reference. Note that the artist's drawing points out particularly dis- 
tinguishable features of the plant easily seen in the actual photograph. 
Figure 16 shows the artists drawing 
Figure 18 is a photograph of Astragalus bisculcatus, the two-grooved poison- 
vetch found in another area noted in the description. 
The distinctive appearance of some indicator plants in winter, which renders 
them useful even when they are dead and dry, is illustrated in Fig. 19 
which depicts the dead plants of Astragalus pattersoni (Patterson poison- 
vetch). 
of the Colorado Plateau because of distinct requirement for selenium and 
concentration of selenium and molybdenum. The cited report includes dis- 
cussion of plant associations, the soil and ground-water conditions, and 
prospecting procedures, along with descriptions and illustrations of 50 
plants indicative or tolerant of mineralization related to uranium deposits. 
This plant is the one noted as most useful in the uranium districts 
Morphological Effects 
Changes wrought in plants by abnormal quantities of metals in the nutrient 
supply may be subtle or dramatic variations in vitality, completeness of 
the development cycle, growth and flowering cycles, growth abnormalities, 
changes of  physical form, and sexual sterility, 
illustrated by the citation of specific examples given by various observers. 
Table 6, presented earlier, summarizes physiological and morphological 
changes which have been found in plants as a result of  toxic quantities 
of metals. 
The phenomena might be 
Family: Pea, Leguminosae 
Subgenus: Cnemidophacos 
Flowers: Cream-colored, irregular flowers in dense inflorescence; blooms 
Fruit : Erect one-celled pod from stalk, not inflated, and with no 
Leave s : Pinnate, with 11 to 15 linear leaflets; silvery hairs 
Plant: Perennial; about 8 inches; has erect stems and bluish foilage 
Altitude: 5000 to 6000 feet 
Occurrence: Restricted to seleniferous clay which commonly underlies 
Districts noted: Thompson, Henry Mountains, Monticello, and Uinta Basin, 
in May 
individual stem; woody 
ore deposits 
Utah, Grants, New Mexico 
Figure 16. Astragalus confertif lorus (A. Gray)* 
Figure 17. Blue Poisonvetch 
*From: Cannon, H. L.,  Description of Indicator Plants and Methods of  
Prospecting f o r  Uranium Deposits on the Colorado Plateau, Geological 
Survey Bulletin lO3O-M, p.  420 (1957). 71 
Family: Pea, Leguminosae 
Subgenus: Diholcos 
Flowers: Deep purple, irregular flowers in dense elongated spikelike 
inflorescence which extends above the foliage; blooms in June 
and July 
Leaves: Smooth pinnate with oval o r  oblong leaflets 
Fruit: Linear one-celled pod with two deep grooves on the upper side; 
pod with stem extends from calyx 
Plant: Stout, erect; perennial 
Altitude: 3500 to 8000 feet 
Occurrence: Dry meadows and sandy soil. This species absorbs large 
amounts of selenium and molybdenum and is very poisonous 
to stock. 
Districts noted: Powder River Basin, Wyo.; Huerfano, Colo .  
Figure 18. Astragalus bisulcatus, Hook, (Two-grooved poisonvetch), A. Gray* 
*Reference: Cannon, H. L. (loc cit p.  423). 
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Family: Pea, Leguminosae 
Subgenus: Jonesiella 
Flowers: 
Leaves : Pinnate with numerous oval leaflets 
Fruit: 
Root: Very long taproot, commonly 30 feet or more in length 
Plant: Perennial, 1 to 4 feet high. Garlit+-like odor common to foliage 
Altitude: 4500 to 7500 feet. 
Occurrence: 
Cream-colored irregular flowers with purple dot on keel, growing in 
tall clusters which extend beyond the foliage; blooms in April and May 
Fat pods mounted on short stem. 
called rattleweed). 
Seeds rattle in pod when dry (then 
owing to presence of selenium. 
Best selenium-indicator plant in uranium districts o f  the Colo- 
lateau because requirements and absorption of selenium are 
igh. Commonly absorbs several thousand parts per million of 
selenium and several hundrgd parts per million of molybdenum from 
ore bodies. 
of carnotite deposits by increased solubility of selenium and molyb- 
Plot experiments suggest growth stimulated in vicinity 
ibited by excesses o f  calcium sulfate. 
Districts n afael, Thompson, Green River, Monticello and Circle 
; Ship Rock, in Arizona; Slick Rock and Gypsum Valley, 
and Pojoaque, N. Mex. 
Figure 19. Dead Plants of Astragalus pattersoni Useful in Fall and Winter 
in Deciding Where to Drill* 
*Reference: Cannon, E. L. (loc cit p. 409). 73 
1. Gigantism. On boron-rich soil, many plants may become twice o r  
thrice their normal size and develop la 
normal. Some species ma 
minous ma 
to cause gigantism 
posits. Abnormal flo 
noted 
2. Dwarfing. The toxici 
ing of the growth of Protea goetzeana in Katanga. The relative 
effect varied with the copper concentration, extreme toxicity 
causing the development of a creeping, sterile form (Duvigneaud, 
1958) 
3. Chlorosis. The yellowing of leaves has been noted in areas con- 
taining excess quantities of nickel, copper, cobalt, chromium, 
zinc, and manganese. These elements apparently interfere with 
the assimilation of iron which is required for the production 
of chlorophyll, even though iron is absent from the chlorophyll 
molecule. Cannon (1955) observes that chlorotic crops due to 
zinc excesses from zinc-bearing dolomites were used to follow 
the dolomites for 20 miles in New Yorli State.' Other chlorotic 
effects are the zinc-caused yellowing o €  trees in New England 
and in Missouri (H. L. Cannon, 1960). 
leaf from a maple tree growing in copper rich-soil. 
Figure 20 shows a chlorotic 
4. Flowering and fruiting changes. Malyuga et a$ (1959) report a 
marked alteration in the development of the black areas on petals 
of the poppy Papaver commutatum, as a result of copper- and 
molybdenum-enriched areas. Abnormal metal concentrations caused 
the usual lilac-red petals to change from having one small black 
spot at the base to a form in which the black spots elongated to 
reach the edge of the petal forming the image of a black cross. 
Figure 21 illustrates this change to the mutation. 
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Figure 20. Chlorotic Leaf Pa t te rn  Developed i n  a Maple Tree Growing i n  
Copper-Rich Soi l  i n  Ely, Vermont’ 
i 
C 
Figure 21. Change i n  Pets-1 C o l o r  of the Flower o f  
the  Poppy Papaver comutatum F. e t  M. 
Is) d egree o 
the  corol la .  
1) Normal f ; ( 8 ) i e d  f l o  
a b i l i t y  o f  pe ta l s  o 
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Variations in the color of flowers of fireweed, Epilobium angustifolium 
L. was studied by H. T. Shacklette (1964). 
of this plant are ordinarily magenta throughout the wide range in which 
it grows, yet occasional pale pink or white blossoms appeared. 
gation revealed that the variations were environmental, and perhaps due 
to the long exposure of the plant to radiation from materials in the sup- 
porting medium. 
He noted that the blossoms - 
Investi- 
The color of blossoms of Pulsatilla patens, an anemone, and Linosyris 
villosa, a composite, have been found to become abnormally white in the 
presence of nickel-cobalt deposits in the Ural Mountains of Russia 
(Vinogradov, 1954). 
The form of the blossom of Papaver macrostonum, a poppy, was found to 
change from a single-petaled form to double petals, when the plant grew 
in soil bearing high zinc and lead concentrations. The mutation has the 
appearance of having more than the usual four petals in the flower. The 
petals of Pulsatilla patens 
were found t o  change in size, 
even to disappear, when the 
plant was found growing on a 
nickel silicate deposit in 
Russia. Figure 22 shows the 
normal and modified forms of 
this anemone (Malyuga, 1963, 
p. 12). 
Wide variations in the fruits 
of the Dwarf Blueberry, Vac- 
cinium uliginosum, were found 
in an area less than 400 square 
meters by Shncklette (1962). 
Although some variation in Figure 22. Mutability of the Flower of  
the shape of fruits is normal, 
the dramatic number of changes 
the Anemone Pulsatilla patens 
Mill. (a) Normal form; (b) 
Modified specimens 
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noted in this instance were extraordinary, varying from pear-shaped to 
elongated cylinders. The area lies directly over a deposit of pitchblend, 
leading to the speculation that genetic changes of the species have been 
caused by radiation from the uranium. 
The use of changes in form or habit of plants growing in mineralized 
soils for prospecting does not appear to require particular linowledge 
of botany, although such knowledge would be of great help. 
spector must be able, however, to recognize changes in a species from 
its formal form to some abnormal one. This may require only the cap- 
ability for noting variations in color, size, or shape (Cannon. 1960). 
The pro- 
Other Effects 
Aside from indicator plants and morphological changes as clues to min- 
eralization, the relative abundance of species of some trees has been 
used to prospect. Kleinhampl and Koteff (1960) found that the ratio of 
the numbers of pinyon and juniper trees on a sandstone formation in the 
Circle Cliffs area, Garfield County, Utah, were related to the thickness 
of the sandstone. The occurrence of uranium deposits was also related 
to the enndstone thickness in some sections, leading to the application 
of a tree-ratio method to uranium prospecting in that area. 
The practice of biogeochemical prospecting techniques by prospecting 
teams in various parts of the world is, of course, far more detailed 
than the short summary presented above would indicate. The subject 
has been reviewed from time to time by various authors, whose Efforts 
are recommended for precise and complete details and descriptions. 
Table 1 5  presents a list of surveys of biogeochemical prospecting, which 
is representative, if not exhaustive. 
In general, the morphological effects discussed herein have been used 
for prospecting only during ground studies, since most of them are too 
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subtle to be observed from distances larger than a few feet. Efforts 
funded by the National Aeronautics and Space Administration and some 
other agencies are being directed towards technique development which, 
though presently aimed at agricultural and geological uses, shows pro- 
mise in detecting gross geobotanical effects with the aid o f  special 
optical and photographic equipment. ch efforts should be directly 
applicable to prospecting from various altitudes, including orbital al- 
titude. Accordingly, the advances being made in reconnaisance o f  geo- 
logical and agricultural details by aerial observation will be discussed 
in the following portion o f  this survey. 
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SURVEYS OF BIOGEOCHENICAL PROSPECTING 
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2. 
3. 
4. 
5. 
6. 
7. 
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9. 
10. 
Buck, L. J. ,  "Association of Plants and Minerals," J. N.Y. Bot. Garden, 
- 50, 265-269 (1949). 
Darn, Paul, "Pflanzen als Anzeichen fir Erzlangerstltten" (Plants as 
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Econ. Geology, - 44, 706-712 (1949). 
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Hax1;es, H. E., "Geochemical Prospecting for Ores, in Applied Sedimen- 
tation, a Symposium," edited by P. D. Trask, I. Wiley, p. 5?';-?5J (1950). 
Ma?pga, D. P., On Soils and Plrnts as Prospecting Tndicators f r , r  Metals 
(In Russian), Izv. Akad, Nauk, fSSR, Ser. Geol. No. 3,  p. 175-138 (1947). 
C a l  Iornia Division of Mines. TTfI ochemical Prospecting," C; liforriia 
Division of Mines lnformation Service, - 6 (1953). 
Davidson, C. F. and S. H. U. Bowie, "Methods o f  Prospectin? f o r  Uranium 
and Thorium," in United Nations, Geology of Uranium and T;:prium: Tnt,er- 
n a t  i o w l  Conference Peaceful Lses o f  Atomic Energy, Geneva P:*n :. , 6, 
653-662 (1955). 
- 
Nesvptazlova, N. G., "Geobotanisheskiye issledovaniya p r i  poisltalrh 
rudnylih mestotozheni ty" (Geoho t -ni C R  1 Investigations f o r  Pro E: pec t Ing 
f o r  Ore Deposits), GeoboLanical Flethods € o r  Geologic Investigations 
(a symposium), Vses. Aerogeol. Trest, Trudy, 1, 118-134 (1955). 
Viktorov, S. V., "A Brief Outline o f  the History and Present S t a t u s  
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TABLE 15 
(Cone luded) 
11. Vinogradov, A. P., Search for Ore Deposits by Means of Plants and 
Soils &ad. Kauk SSSn Biogeokhim Lab. Trudy 10, p. 3-27 (1954). 
12. Vinogradov, A. P. and D. P. Malyuga, The Biogeochemical Method for 
Ore Search and Prospecting, 1956 abs., International Geological 
Congress, 20th, Mexico City (summaries o f  the papers presented), 
P O  378-7797 (1956)- 
13. Plant Indicators of Soils, Rocks, and Subsurface Waters, edited by 
A. G .  Chikishev, Consultants Bureau, New York (1965). 
14. Malyuga, D. P., Biogeochemical Methods of Prospecting, Consultants 
Bureau, New York (1964). 
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REMOTE SENSING OF ENVIRONMENT 
INTRODUCTION 
The advantages of having t h e  a b i l i t y  t o  perform reconnaissance from a 
d i s t a n c e  has long been known t o  anyone who h a s  stood on a h i l l t o p  o r  t a l l  
bu i ld ing  and gazed a c r o s s  t h e  landscape. Treetops and towers a s  vantage 
p o i n i s  were improved upon when t h e  bal loon was developed a s  a v e h i c l e ,  
f o r  g r e a t  a l t i t u d e s  were made p o s s i b l e  from which v a s t  a r e a s  were v i s i b l e .  
Technica l ly ,  t h i s  reconnaissance i 4  "remote sensing of t h e  environment," 
which has been improved by t h e  development of t o o l s  such a s  photography, 
r a d a r ,  and o t h e r  technologica l  means f o r  recording and i n t e r p r e t i n g  the  
t e r r a i n .  A e r i a l  photographs,  whether procured from ba l loon ,  l a r g e  o r  
small a i r c r a f t ,  o r  o r b i t i n g  space v e h i c l e s ,  provide information n o t  
ob ta inable  by d i r e c t  ground observat ion of an a r e a  o r  by v i s u a l  s tudy 
from a l t i t u d e .  
Ear ly  a e r i a l  photographers were a b l e  t o  use only v i s i b l e  l i g h t  t o  o b t a i n  
images f o r  s tudy;  t he  development of t h e  sc ience  of photography has  l e d  
t o  improvements i n  t h e  f i l m  which recorded a l l  c o l o r s  a s  v a r i a t i o n s  i n  
shade from black t o  white  (panchroaat ic  f i lm) .  
including t h e  simultaneous photographing of t h e  same t e r r a i n  us ing  
s e l e c t e d  e n e r g i e s  of t h e  l i g h t  spectrum from u l t r a v i o l e t  through t h e  
v i s i b l e  c o l o r s  t o  t h e  i n f r a r e d  and microwave reg ions .  The a p p l i c a t i o n  
of sensing devices  which use such a wide v a r i e t y  of e n e r g i e s  of t h e  
l i g h t  spectrum i s  known as  m u l t i s p e c t r a l  imagery, o r  m u l t i s p e c t r a l  
remote sensing. 
New techniques a r o s e ,  
S i n c e  t h e  d i s c u s s i o n  of remote sensing by m u l t i s p e c t r a l  imagery involves  
t h e  n a t u r e  of l i g h t ,  a b r ie f  resum; of t h e  b a s i c  f e a t u r e s  of l i g h t  w i l l  
be undertaken. The concepts e s s e n t i a l  t o  the t e c h n i c a l  development of 
imagery depend upon t h e  p r o p e r t i e s  of l i g h t  which a r e  analogous t o  waves. 
Using the ocean wave a s  a model, one d e s c r i b e s  t h e  waves a s  having wave- 
l eng th ,  which i s  the d i s t a n c e  from the c r e s t  o f  one wave t o  t h e  c r e s t  of 
ano the r ;  wave frequency, which i s  the number of crests  which pass  a given 
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p o i n t  i n  some s p e c i f i e d  per iod of t ime; and v e l o c i t y ,  t h e  speed a t  which 
a wave c r e s t  advances. The aggregate of waves of a l l  d i f f e r e n t  lengths  
i s  c a l l e d  a spectrum. These p r o p e r t i e s  of waves a r e  r e l a t e d  t o  each o t h e r ,  
such t h a t  wave frequency i s  d i r e  p r o p o r t i o n a l  t o  c i t y  and i n v e r s e l y  
propor t iona l  t o  wavelength. A c of t h e  electrom i c  spectrum i s  
shown i n  F ig .  2 3 .  The types  of information shown a r e  r e l a t e d  t o  p r o p e r t i e s  
of m a t e r i a l s  which may be i n t e r p r e t e d  from photography o r  o t h e r  sensing of 
r e f l e c t a n c e ,  o r  absorbance by t h e  m a t e r i a l s  of  t h e  e n e r g i e s  of t h e  v a r i o u s  
spectrum reg ions .  The approximate wavelengths of t h e  reg ions  shown a r e  
given i n  mi l l imicrons ,  t h e  u n i t  most workers i n  t h e  f i e l d s  of o p t i c a l  
instrument  design use .  
mil l imicron i s  10-3 microns.)  
(One micron i s  a m i l l i o n t h  of a meter ;  one 
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Electromagnet ic  waves a r e  a l l  the same i n  c h a r a c t e r ,  b u t  d i f f e r  only i n  
wavelength, frequency, and energy. S ince  e n e r g i e s  d i f f e r ,  t h e  i n t e r a c t i o n  
of t he  waves w i t h  mat te r  which they  c o n t a c t  d i f f e r s ;  absorp t ion  r e f l e c -  
t ance ,  s c a t t e r i n g ,  o r  transm on of t h e  l i g h t  by t h e  m a t t e r  upon which 
it  s t r i k e s  i s  c h a r a c t e r i s t i c  of t h e  l i g h t  and of t h e  m a t t e r .  This  phe- 
nomenon al lows t h e  observat ion of such i n t e r a c t i o n s  t o  be used f o r  such 
p r a c t i c a l  a p p l i c a t i o n s  a s  t h e  i d e n t i f i c a t i o n  of v e g e t a t i o n  types ,  and 
recogni t ion  of f e a t u r e s  r e l a t e d  t o  t h e  h e a l t h  and n u t r i t i o n a l  s t a t e  of 
p l a n t s .  
Avid proponents of t h e  a r t  of m u l t i s p e c t r a l  imagery have been e n t h u s i a s t i c  
i n  t h e i r  es t imate  of t h e  information which may be der ived from t h e  technique,  
and the  ease w i t h  which i t  i s  procured. Such enthusiasm about any tech- 
nology almost i n v a r i a b l y  i s  o f f s e t  by p e s s i m i s t i c  counterclaims regarding 
f a i l u r e s  of t h e  method t o  produce u s e f u l  d a t a .  The s t a t e  of t h e  a r t  
probably l i e s  somewhere between t h e  extremes of t h e s e  views: 
mation is t o  be gained by t h e  a p p l i c a t i o n  of remote environmental  s ens ing ,  
but i t  is f a r  i rom being a ready-to-plug-in panacea f o r  t h e  needs of 
prospecl ing teams p r e s e n t l y  confronted wi th  t h e  t a s k  of l o c a t i n g  v a l u a b l e ,  
c r i t i c a l l y  needed n a t u r a l  resources .  
fol lows i s  undertaken i n  t h e  e f f o r t  t o  acquain t  t h e  reader  w i t h  some of 
t h e  t e c h n i c a l  d e t a i l s  i n  a e r i a l  photography which must be considered i n  
s e l e c t i o n  of ins t rumenta t ion  and technique t o  so lve  a p a r t i c u l a r  problem 
i n  biogeochemical prospect ing . 
much i n f o r -  
The d iscuss ion  of the a r t  which 
AERIAL PHOTOGWHY 
In  t h i s  d i scuss ion ,  t h e  term a e r i a l  observat ion inc ludes  both  a i r c r a f t  
and o r b i t i n g  space v e h i c l e s  se rv ing  a s  observa t ion  platforms.  The space 
v e h i c l e  o f f e r s  a view of an extremely l a r g e  a r e a  of t h e  s u r f a c e  of t he  
e a r t h  a t  one t i m e ,  s o  t h a t  g e o l o g i c a l  and geobotanical  f e a t u r e s  can be 
proper ly  understood and i n t e r p r e t e d  i n  t h e  context  of t h e i r  surroundings.  
Some g e o l o g i c a l  f e a t u r e s  a r e  s o  l a r g e  t h a t  they cannot be seen i n  t h e i r  
e n t i r e t y  except  from o r b i t a l  a l t i t u d e s .  The a i r c r a f t ,  on t h e  o t h e r  hand, 
o f f e r s  t h e  opportuni ty  of f l y i n g  over a s e l e c t e d  reg ion  a t  v a r i o u s  a l t i -  
t udes .  The a i r c r a f t  can c a r r y  much heavier  instruments  and provide more 
power t o  opera te  them than  p r e s e n t  space v e h i c l e s .  
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For biogeochemical prospect ing purposes, t h e  a i rborne  prospect ing crew 
can accomplish t h e  d a t a  c o l l e c t i o n  t h a t  would t ake  a ground crew months 
t o  perform. It a l s o  can do t h e  job  more thoroughly,  and wi th  much less  
c o s t  and t roub le .  This  i s  of p a r t i c u l a r  va lue  now t h a t  most prospect ing 
f o r  minera ls  i s  being c a r r i e d  ou t  i n  remote reg ions  r e l a t i v e l y  inacces- 
s i b l e  t o  ground crews. The vantage p o i n t  a f forded  by a i r c r a f t  o r  
s a t e l l i t e  has proved inva luable  i n  observing the crowns of t a l l  t r ee s ,  
which r e f l e c t  t h e  h e a l i h  of the t r e e  f a i r l y  w e l l  and which a r e  n o t  acces- 
s i b l e  t o  ground crews. The vantage p o i n t  of a l t i t u d e  a l s o  permits  t h e  use 
of instruments  f o r  measuring and analyzing t h e  l i g h t  emit ted and r e f l e c t e d  
by p l a n t s ,  s o i l ,  r ocks ,  and bodies  of water .  Most of t h e s e  instruments  
a r e  imprac t ica l  f o r  ground-level operat ion.  The reader  d e s i r i n g  more 
d e t a i l e d  information on t h e  techniques o r  instruments  mentioned i n  t h i s  
b r i e f  survey should consul t  t h e  re ferences  c i t e d .  
The d iscuss ion  here in  on t h e  a r t  of remote sensing of the environment i s  
an e f f o r t  t,o acquain t  t h e  reader  wi th  t h e  p r e s e n t  techniques,  p o i n t  out  
c u r r e n t  d i r e c t i o n s  of development i n  techniques and instruments ,  and 
o u t l i n e  fundamental l i m i t a t i o n s  imposed by t h e  laws of n a t u r e  and prac- 
t i c a l  cons idera t ions .  It i s  hoped t h a t  t h e  d iscuss ion  of pro jec ted  
developments w i l l  p o i n t  up t h e  need f o r  and encourage the rap id  de- 
velopment of new techniques.  
The comment by Ray (1960) i n  P r o f e s s i o n a l  Paper 373, “Aer ia l  Photographs 
I n  Geologic I n t e r p r e t a t i o n  And Mapping,” prepared f o r  t h e  U.S. Geological 
Survey, i s  of i n t e r e s t  a s  an in t roduct ion  t o  t h e  s u b j e c t .  “Vegetation a s  
an  element of t h e  s o i l  p a t t e r n  has  been considered one of the most d i f f i c u l t  
t o  i n t e r p r e t .  It i s  known, f o r  example, t h a t  c e r t a i n  t rees ,  such a s  aspen, 
a r e  t o l e r a n t  of many d i f f e r e n t  s o i l s  and s o i l  condi t ions ,  b u t  some t y p e s  
of v e g e t a t i o n  a r e  s t r o n g l y  inf luenced by s o i l  type  ..... Nevertheless, 
v e g e t a t i o n  may r e v e a l  s i g n i f i c a n t  information i n  engineer ing s t u d i e s  
provided v a l i d  i n t e r p r e t a t i o n s  a r e  made w i t h  regard t o  how v e g e t a t i o n  
i s  assoc ia ted  w i t h  s o i l  t e x t u r e s ,  soi l -moisture  con ten t ,  and topography; 
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t h u s  a knowledge of p l a n t  ecology i s  necessary i f  maximum information on 
s o i l  condi t ions  i s  t o  be obtained from a e r i a l  photographs." This  observa- 
t i o n  m u s t  be  kept  i n  mind, les t  it be f o r g o t t e n  t h a t  t h e  most xonderful  
photos i n  t h e  world w i l l  no t  provide any information without  c a r e f u l  and 
s k i l l e d  i n t e r p r e t a t i o n  based on genera l  biogeochemical knowledge, regard- 
l ess  of t h e  s o p h i s t i c a t i o n  o f  t h e  ins t rumenta t ion  w i t h  which t h e  photos 
were made. 
An e a r l y  a p p l i c a t i o n  of  remote sens jng  t o  s u c c e s s f u l  prospec t ing  was t h e  
d iscovery  of t h e  copper d e p o s i t s  i n  c e n t r a l  A f r i c a ,  c i t e d  e a r l i e r .  These 
d e p o s i t s  were ind ica ted  by open s p o t s  i n  t h e  brush cover  where t h e  high 
concent ra t ion  of copper i n  t h e  s o i l  caused changes i n  t h e  type oE vege- 
t a t i o n  from t h a t  p r e v a i l i n g  i n  surrounding a r e a s  where t h e  copper concen- 
t r a t i o n  was lower (Walker, 1929). A s i m i l a r  phenomenon was observed i n  
Arizona, where, as"shown i n  Fig.  15. t h e  C a l i f o r n i a  poppy a c t s  a s  an 
i n d i c a t o r  of copper i n  t h e  s o i l  (Cannon, 1960). 
The use of a e r i a l  photos t o  deduce t h e  i d e n t i t y  of  s u r f a c e  f e a t u r e s  
r e q u i r e s  s k i l l  and experience i n  i n t e r p r e t a t i o n  of such photos. The l e s s  
ground d a t a  i s  a v a i l a b l e  regarding t h e  a rea  of i n t e r e s t ,  t h e  more t r a i n i n g  
and experience i s  required f o r  a c c u r a t e  i n t e r p r e t a t i o n .  Problems a t t e n d a n t  
t o  t h i s  t a s k  were p a i n f u l l y  apparent  dur ing  World War 11, dur ing  which 
photographic i n t e r p r e t e r s  were c a l l e d  upon t o  prepare  t e r r a i n  i n t e l l i g e n c e  
r e p o r t s  from a e r i a l  photographs accompanied by l i t t l e  o r  no o t h e r  i do rma-  
t i o n .  Since t h e  m i l i t a r y  personnel  were a c r o s s  s e c t i o n  of c i t i z e n s  of 
d i v e r s e  backgrounds and n o t  t r a i n e d  i n  t h e  a r t s  o f  i n t e r p r e t a t i o n ,  t h e y  
sought a i d  from g e o l o g i s t s .  Eventua l ly ,  handbooks and guide m a t e r i a l s  
were prepared t o  a s s i s t  i n t e r p r e t e r s  t o  i n c r e a s e  t h e  accuracy and r a p i d i t y  
of t h e i r  work. These a i d s  were prepared by t h e  Naval Photographic I n t e r -  
p r e t a t i o n  Center ,  Anacost ia ,  Washington, D. C.,  and by o t h e r  government 
agencies  i n  t h e  United S t a t e s ,  and were t h e  b a s i s  f o r  subsequent r e s e a r c h  
(Truesde l l ,  1950). 
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Armed with some experience, some photos of areas for which ground truth 
has been established, and reliable keys and guides, an interpreter can 
provide fairly correct in 
photos of totally unknown 
conclusions, if the photo 
own background is too sha 
problem, but not an insur 
interpretation t o  prospecting, since many of the primitive areas in which 
valuable resources are being sought have no other available data. 
Specifically, the interpretation of vegetation involves the judgment of 
correlation between vegetation patterns and soil, topography, bedrock, 
and recent history of the land surface. Variations in climate, human 
intervention, and interactions of plants with the supporting medium 
affect the patterns which one must identify on aerial photographs 
(Sigafoos, 1950). 
must be defined for each different scale, describing textures, configu- 
ration, shade, and other pattern details. This requires correlation 
with actual ground details, often laboriously collected. The value 
of aerial photographs makes such effort well worthwhile. 
For identification of patterns on photos, criteria 
Interpretation of ground details is constantly undergoing evolution as 
new technical aids are developed. Instrumentation is now available for 
increasing the sensitivity possible in discriminating colors beyond the 
capabilities of the human eye, and for recording the absorbance or reflec- 
tance of radiations from plants and other surfaces in regions of the 
electromagnetic spectrum previously not usable. Infrared, microwave, and 
radar (centimeter wave) spectra have been o r  are being studied and used 
in interpretation, with o r  without data from the visible region of wave- 
lengths in various combinations. Such "multispectral imagery" techniques 
nd usefulness o rvations, as well 
Stereoscopic view nd white films has 
become important in geologic interpretation (Ray, 1960). Electronic 
scanning and computational t rea tment  of small  changes i n  t h e  d e t a i l s  
of photographic n e g a t i v e s  o r  p o s i t i v e s  h a s  been descr ibed by Vinogradov 
(1963) i n  v e g e t a t i o n  s t u d i e s .  
The a p p l i c a t i o n  of t h e  u s e f u l  reg ions  of t h e  spectrum f o r  prospec t ing  
i s  out l ined  i n  Table 16. 
ob ta inable  by t h e  l i s t e d  photographic techniques.  
This  d a t a  i l l u s t r a t e s  t h e  s p e c i f i c  information 
The usua l  technique appl ied t o  making a e r i a l  photographs is t h e  mounting 
of  t h e  scanning equipment i n  t h e  c a r r y i n g  c r a f t  s o  t h a t  it i s  aimed ver-  
t i c a l l y  downward. Photographs a r e  taken  of t h e  t e r r a i n  a t  s p e c i f i c  
i n t e r v a l s  dur ing  t h e  f l i g h t  t o  ensure some over lap  between p i c t u r e s .  
The overlapping photos  a r e  l a t e r  compiled i n t o  a mosaic p i c t u r e  of t h e  
e n t i r e  a r e a  photographed. This  technique s u f f e r s  from f requent  v a r i a -  
t i o n  i n  tone  and t e x t u r e  of  t h e  f i l m ,  which may mask d e t a i l s  e s s e n t i a l  
t o  t h e  reconnaissance.  Photographs taken  from o r b i t a l  a l t i t u d e s ,  such 
a s  t h e  dramatic  p i c t u r e s  re turned  by NASA's Gemini mission crews, circum- 
vent  t h i s  problem by al lowing much l a r g e r  a r e a s  t o  be photographed on one 
s i n g l e  p i e c e  of f i lm .  An a l t e r n a t e  approach t o  t h e  s t i l l  photograph i s  
t h e  exposure of a t h i n  s t r i p  of f i l m  through a s l i t .  A s  t h e  f i l m  i s  
moved p a s t  t h e  s l i t  a t  a speed r e l a t e d  p r o p e r l y  t o  t h e  ground speed of 
t h e  v e h i c l e ,  a r e l a t i v e l y  u n d i s t o r t e d  p i c t u r e  of t h e  t e r r a i n  i s  achieved. 
VIS IBM- RANGE PHOT OGItAmrY 
Observations of t h e  r e f l e c t e d  r a d i a t i o n  i n  t h e  v i s i b l e  and i n f r a r e d  
wavelengths have been shown t o  be u s e f u l  i n  d i s c r i m i n a t i n g  between 
d i f f e r e n t  s p e c i e s  of p l a n t s  and between h e a l t h y  and d iseased  p l a n t s  
of t h e  same spec ie s .  Photos record ing  r e f l e c t a n c e  i n  t h e  range of 
0.32 t o  5.5 microns have been used t o  d i s c r i m i n a t e  among soybeans,  
co rn ,  wheat,  and o a t s ,  and have been proposed a s  a means of conducting 
a g r i c u l t u r a l  surveys. Moreover, i n  many c a s e s  t h e  e a r l i e s t  symptom of 
d i s e a s e  o r  i n s e c t  i n f e s t a t i o n  i s  a l o s s  of r e f l e c t i o n  i n  t h e  n e a r  
i n f r a r e d ,  j u s t  beyond t h e  range of human v i s i o n .  This  phenomenon i s  
TABm 16 
POTENTIAL VALUE AND USE OF REMOTE SENSORY SYSTEM 
FOR GEOLOGIC AND GEOBOTANICAL S!RJDY* 
Panchromatic Photography Panchromatic photography is the most widely used 
remote-sensing technique because of its availa- 
bility and relatively 1 
techniques are well dev 
in its use is available. 
Multispectral Wotography 
Infrared Photography 
(Black and White) 
Color Photography 
Multispectral photography interpretation requires 
a background of spectral-signature studies of 
terrain and vegetation. Data returns from multi- 
spectral systems may be so voluminous that they 
cannot be readily interpreted. 
done on interpretation for geologic-lithologic 
purposes. Little work in vegetation has been 
accomplished. 
Infrared photography is of value in mapping 
drainage features and shorelines. The water is 
always black in a positive print. 
characteristics are discernible. Its most valuable 
use is as an adjunct to, but not a replacement for, 
standard aerial photography. 
tween rock formation is attained: haze is penetrated. 
Color photography promises t o  be a major tool of the 
geologist/geobotanist and, in many special fields, 
provides geologic information not only through normal 
stereoscopic viewing but also through certain color 
measurement techniques. Narrow-band filters when 
used for printing in spectral ranges of maximum 
contrast enhance subtle differences. Electronic 
enhancement techniques are very promising. 
Some work has been 
Some vegetation 
Some contrast be- 
Infrared-Color Photography Infrared-color photography may be superior to standard 
nnd Camouflage-Detection Film color photography in some respects. It shows signifi- 
(Visible, near-infrared 400 cant differences in vegetation; allows recognition of  
to 880 miles) species, diseases, morpliological abnormalities; and 
shows minimum variation in c o l o r  and tone of indi- 
vidual species of vegetation throughout the photo- 
graph. Less useful for lithologic characteristics, 
but useful for variation in moisture content. 
Infrared Imagery 
Infra red 1k1d i o w  try 
Radar Imagery 
Useful in locating patterns of ground water movements, 
moisture content, and areas and lines of thermal abnor- 
malities. Some lithologic interpretation is possible 
through variations in surface temperature and cooling 
rates. 
Infrared radiometry is very useful for sequential 
measurements of changes in land and water surface 
temperatures because it is a simple measurement 
technique and data reduction is easier than for 
infrared imagery. More work i s  necessary for 
interpretation of vegetative distribution and 
physiological abnormalities. 
Radar imagery is an excellent tool for all-weather 
coverage of large areas. It is of moderate use in 
mapping structural features and of some use in 
differentiating some rock types. It is quite 
valuable for small-scale planimetric mapping where 
no better maps are available. 
*C. J. Robinove: Paper P/708, In te rna t iona l  Conference on Water f o r  
Peace, Washington (May 23-31, 1967). 
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being  s tud ied  a s  a f o r e s t r y  t o o l ,  a l lowing d i s e a s e s  i n  f o r e s t s  t o  be 
more quick ly  loca ted  (Colwell and Shay, 1965). 
t h e  p l a n t  d i sease  a s  i n s e c t  i n f e s t a t i o n  o r  a s  a minera logica l  e f f e c t  
on p l a n t  n u t r i t i o n  may be poss ib l e  a s  s tudy  of t h e  technique progresses .  
The i d e n t i f i c a t i o n  of 
Photographic record ing  of images has  t w o  l i m i t i n g  f a c t o r s  inherent  i n  
t h e  process:  s p a t i a l  r e s o l u t i o n  and i n t e n s i t y  r e so lu t ion .  S a a t i a l  
r e s o l u t i o n  i s  the  a b i l i t y  t o  d i s t i n g u i s h  smal l ,  c losely-spaced o b j e c t s ,  
u sua l ly  expressed a s  t h e  r e c i p r o c a l  d i s t a n c e  between f i n e  l i n e s  i n  the  
image t h a t  can be recognized a s  d i s t i n c t l y  separa ted .  
f o r  t h i s  parameter range between 40 and 120 l i n e s  p e r  mi l l ime te r .  
al though s p e c i a l  f i l m s  a r e  a v a i l a b l e  wi th  f i n e r  r e s o l u t i o n  (Kodak, 
1967). 
d i f f e r e n t  i n t e n s i t y ,  i . e . ,  d i f f e r e n c e s  i n  t h e  darkening of t h e  photo- 
graphic  image. In  b lack  and whi te  photographs,  t h e  terms t e x t u r e  and 
- tone a r e  appl ied  i n  an e f f o r t  t o  recognize t h e s e  parameters.  
Typical va lues  
I n t e n s i t y  r e s o l u t i o n  i s  t h a t  between images of s l i g h t l y  
S p a t i a l  r e s o l u t i o n ,  o r  d i sc r imina t ion  based on t e x t u r e ,  i s  l imi t ed  by 
f i l m  c h a r a c t e r i s t i c s ,  t h e  a b e r r a t i o n s  i n  t h e  o p t i c a l  system of t h e  camera, 
v i b r a t i o n  of t he  camera during exposure,  t h e  d i s t a n c e  moved by t h e  a i r -  
c r a f t  while  t h e  camera i s  open (ground speed) ,  t h e  r e s o l u t i o n  a v a i l a b l e  
i n  t h e  viewing equipment, and t h e  l i k e .  
Movement of t h e  camera with r e spec t  t o  ground, whi le  t h e  camera s h u t t e r  
is open, causes  s t r e t c h i n g  of p o i n t s  i n  t h e  image i n t o  s h o r t  l i n e s .  
l ength  of such a l i n e  is equal  t o  t h e  ground speed t i m e s  t h e  l eng th  of 
exposure t imes t h e  s c a l e  of t h e  photograph. Suppose t h e  photographing 
a i r c r a f t  i s  t r a v e l i n g  a t  a speed of 250 f e e t  p e r  second a t  an a l t i t u d e  
of 5000 f e e t  above t h e  t e r r a i n .  
l eng th  of 6 inches. 
exposes t h e  f i l m  f o r  1/500 second. 
photograph i s  1/500 x (250) x 1/10,000 = O.OOOO5 foo t .  
304.8 m i l l i m e t e r s ,  t h e  length  i s  0.01524 mi l l imeter .  To d i s t i n g u i s h  such 
The 
The camera has  ( f o r  example) a f o c a l  
Suppose a l s o  t h e  s h u t t e r  The s c a l e  i s  1:10,000. 
The length  of t h e  b l u r  l i n e s  on t h e  
Since 1 f o o t  = 
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a blur line from a point, the resolution of the films must exceed 
(1/0.01524) or 66 lines/millimeter. 
commercial films are shown in Table 17. 
Values for resolutions for several 
Aberration of the lens system of the camera produces several types of 
distortion. Straight lines in the object may be curved in the image, 
particularly if they fall near the edge of the photograph. A point in 
the object becomes a small spot in the image. The image may not be in 
focus everywhere on the photographic plate. 
TABLE 17 
COMMERCIAL FILM RESOLUTION POWER 
Film Type 
Kodak Plus-X Aerographic, 5401 
(D-19 developer, 20 minutes) 
Kodak Super XX Aerographic, 5425 
(D-19 developer, 20 minutes) 
Kodak Tri-X Aerecon, 8403 
(D-19 developer, 20 minutes) 
Anscopan Aerial Film 
(Developer No. 1, 16 minutes) 
Kodak High-Definition Aerial Film, 3404 
(D-19 developer, 20 minutes) 
Aerial 
Exposure 
Index 
80 
100 
200 
80 
1.6 
Resolving Power 
of Intensities, 
Rat: 
1000 : 1 
115 
75 
71 
125 
475 
of 
1.6:l 
40 
30 
22 
--e 
200 
The task of designing a lens for an aerial camera is simpler than in 
the case of a camera for closer work. The aerial camera is always 
focused at (or near) infinity so  that the lens designer does not have 
to work out a satisfactory compromise between good image quality for 
an object at infinity and for an object close to the camera lens. 
However, even t h e  b e s t  poss ib l e  l e n s  produces some a b c r r a t i o n  due t o  t h e  
d i f f r a c t i o n  of l i g h t .  To i l l u s t r a t e  t h e  e f f e c t  of d i f f r ac t ' i on ,  cons ider  
t h i s  example. 
The lens  of t h e  camera has ;L f o c a l  l eng th  (I?) and a diameter  (D).  
d iameter  of t h e  s p o t  on t h e  f i l m  corresponding t o  a po in t  on t h e  o b j e c t  
i s  about 2.44 h F/D, where h is  t h e  wavelength of l i g h t .  
va lue  o f  t h e  wavelengths f o r  v i s i b l e  l i g h t  is about 0.5 micron. Hence, 
t h e  spo t  has a diameter of 0.00122 (F/D) mi l l ime te r .  
i s  t h e  F-stop s e t t i n g  of t h e  lens .  
of t h e  spot  is about  0.0049 mi l l ime te r .  Two such s p o t s  s epa ra t ed  by ha l f  
a diameter can j u s t  bc resolved.  For t h i s  example, t h e  f i l m  r e s o l u t i o n  
would have t o  exceed 410 l i n e s  p e r  mi l l ime te r  i n  order  t h a t  d i f f r a c t i o n  
should be t h e  l i m i t a t i o n  on s p a t i a l  r e s o l u t i o n s .  
The 
The average 
The q u a n t i t y  F/D 
Thus, f o r  a.n F/4 l e n s ,  t h e  diameter  
It is usua l ly  s t a t e d  t h a t  t h e  e f f e c t s  of o the r  a b e r r a t i o n s  are  g r e a t e r  
t han  t h o s c  of d i f f r a c t i o n  f o r  m o s t  o p t i c a l  systems. The case  of d i f f r a c t i o n -  
l imi t ed  o p t i c s  is thus  t h e  i d e a l  ca se ,  i n  which t h e  b a r r i e r  t o  f u r t h e r  im- 
provement is imposed by a n a t u r a l  law. 
Film parameters which determine t h e  usefu lness  of a given  type  of  b lack  
and white i i l m  i n  a e r i a l  photography are f i l m  speed,  r e so lv ing  power, 
s p e c t r a l  response,  l a t i t u d e ,  and c o n t r a s t .  
Film speed is  t h e  r e c i p r o c a l  of t h e  exposure t ime r equ i r ed  t o  produce a 
negat ive of optimum c o n t r a s t  when exposed t o  t h e  t e r r a i n  under s tandard  
day l igh t  a t  a s tandard  F-stop. 
c a l l e d  t h e  a e r i a l  exposure index. The a e r i a l  exposure index is  def ined  
f o r  a n  E'-stop of 17.9. Thus, f i l m s  having an index of 80 should be ex- 
posed f o r  1/80 second a t  F/17.9, 1/100 second a t  ~ / 1 6 ,  1/1000 second a t  
F/5.1,  e t c .  , when photographing t e r r a i n  wi th  normal day l igh t .  
A numerical va lue  of t h e  f i l m  speed is 
Resolving power is def ined  i n  terms of t h e  spac ing  of l i n e s  on a t e s t  
p a t t e r n  formed on t h e  f i lm.  
t e s t  p a t t e r n  is photographed a t  s e v e r a l  w g n i f i c a , t i o n s .  The f i n e s t  spac ing  
To determine t h e  r e so lv ing  power, a s tandard  
of l i n e s  that can  be r e so lved ,  expressed a.s l ines pe r  mi l l ime te r ,  is t h e  
r e so lv ing  power. Resolving power depends on t h e  c o n t r a s t  i n  t h e  image, 
o r  r a t i o  of maximum-to-minimum l i g h t  i n t e n s i t y .  The r e so lv ing  power a t  
a c o n t r a s t  r a t i o  of 1 O O O : l  i s  about twice  as g r e a t  as a t  a c o n t r a s t  r a t i o  
of 1 . 6 ~ .  
of t h e  f i l m  emulsion and have a n  inverse  r e l a t i o n  t o  each o ther .  Fas t  
f i l m  has a lower r e so lv ing  power than  slow f i l m ,  as can be seen f r o m t h c  
va lues  presented  i n  Table 18. 
between 40 and 120 l i n e s  per  mi l l imeter .  
Resolving power and f i l m  speed a r e  both  r e l a t e d  t o  t h e  na tu re  
Typical  va lues  f o r  r e s o l v i n g  power range 
The importance of t h e  r e so lv ing  power of t h e  system, which i s  t h e  combined 
e f f e c t  of s h u t t e r  speed,  a i r c r a f t  ground speed,  l ens  a b e r r a t i o n s ,  f i l m  
re so lv ing  power, and s c a l e  f a c t o r ,  is t h a t  it l i m i t s  t h e  a b i l i t y  of t h e  
system t o  d e t e c t  small ob jec t s  on t h e  ground. The r e l a t i o n s h i p  is  g iven  
simply by t h e  r a t i o  of r e so lv ing  power t o  s c a l e  f a c t o r ,  Suppose, f o r  
example, a e r i a l  photographs a r e  taken  a t  a s c a l e  of 1:20,000, and t h e  re-  
so lv ing  power i s  such t h a t  20 l i n e s  per  mi l l imeter  can be resolved.  The 
dimensions o f  t h e  sma l l e s t  ob jec t  on t h e  ground t h a t  can be reso lved  is 
given by: 
Resolving Power 
Sca le  Fac tor  Ground Resolu t ion  = 
f o r  example, 
(1/20) mi l l ime te r  
= 1000 mi l l imeter  = 1.0 meter { 1/20,000) 
Thus, l i n e s  on t h e  ground spaced 1 meter a p a r t  can  be reso lved  wi th  t h i s  
system. Table 18 shows e s t ima tes  of instrumental r e s o l u t i o n  needed t o  
ensure meaningful d a t a  a p p l i c a b l e  t o  geo log ica l  s t u d i e s ,  inc luding  biogco- 
chemica 1 e f f o r t s .  
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E S T I W E S  OF INSTRUMENT RJ3SOLWION NEEDED TO ENSURE MEANINGFUL 
CONTRIBUTION TO SOME GEOLOGIC APPLICATION flREA.S OR PROBLEMS* 
UUCTULU CONDITIONS 
Delineation of amall fo lds  (200 inches from tr-owh) Photography 
Ohaervations of a t tx tudee  of rook beds,  d i a t r i b u t i o o  
of rack u n i t s ,  from anal>sla of drainage p t t e m .  
from study of 8011 moisture dis t r ibu t ion  
Radar 
~ ~ ~ ~ ~ l ~ ~ ~ ~ e , , y  
Delineation of large folda (from 200 mchea t o  
Observations of a t t i t v d e s  of beds. d i s t r i b u t i o n  of 
rock uni t s .  from analyszs of draiaege pa t t e rns ,  from 
s tudr  of 8011 moisture dzs t r ibu t ian  
severel rmlcs) 
Photography 
Ll t rav io le t  Imagery 
ILBdar 
and I frared Infrared Imagery' Speetroaeopy 
Dellneatla" of linear elements (e g , fa"1tS) 
topographic fea tures  o r  abnormalit ies in 8 0 ~ 1  mois- 
tu re  content expressed d m e c t l y  by cont ras t ing  vigor 
of vegetation. or by m r i a t i o n s  i n  sur face  near- 
Ohservatlon Of allgomenta of fP.stureQ--cOmo"ly 
BurfaCe temperatvre 
Photograph) 
Infrored 
Radar 
Comparison of absorp t ion  emission eharaoter i s t ies ,  
of vegetation and of rocka 
WIGRAPMC 
Assumes law d i p  and nvljor i n t e r e a t  i n  uni t s  20 inches 
or mere i n  thickness 
Dif fe ren t ia t ion  of l i ke  and unlike rock uni te  analy- 
sis of t h e i r  Spatial dzet r ibu t ioo  and, i f  possible, 
ident i f ica t ion  of rock types 
JpnOLIUPIN 
Deduced from landform. and c o l o r  of rocks and reold- Photography 
u1 soils, or  determined from BpectroBCOpiC obserm- Infrared Spectroscopy 
t iona  m u l t r a v i a l e t  and inf ra red  par t8  of the  
spectrum 1 Radar Ul t rav io le t  Speetroecopy 
Ul t rav io le t  
w a r  
Infrared Imagery 
mtravlolet SpectroacoPY 
Photograpby 
U G I N W I N G  PROPERTIES 
Compaction (deduced mdiree t ly)  
I ' emabl l , ty  ' 
Analysis of drainage, soil moisture dis t r ibu t ions  
COT- STDDIES 
Groes geothermel gradients 
Obeervations of rad ian t  temperature d is t r ibu t ions  
Local geothe-1 anomalies 
Obsemt iona  of rad ian t  temperature d is t r ibu t ions  
VOleanOes 
Obsenat ioos  of 8ctem~e a c t i v i t y  tmwaeeoee and 
red tan t  temperature d la t r ibu t ions ,  and i n t e o s i t i e a  
Telemetcring lmka from seismometer and t x l t  matera 
EOMwPnIC STUDIES 
Souroedepoai t  re la t ionships  of aedimeota 
Bnalysia Of spacial relati-hips of source *rea 
and t ranspor t  mecbaniama-aeaaurrments of vol-a 
of deposita 
Mountain bui ld ing  and denudation 
Obsermt ima of a l t i t n d e a  and changes of a l t i t u d e s  
with respcct t o  the  center  of the  sphere 
Infrared Imagery 
Photography 
Photography 
Infrared Imagery 
Infrared Imagery 
~ ~ ~ : d M & ; ~ ~ r ~ o m t r '  
Photography 
Photography 
~ : ~ ~ d ~ ~ : ~ ~ e  Radiomet*, 
Infrared Radiometry 
Infrared 
passive MiCrawa'le 
Photography 
Radar 
Photograpthy 
*Itintry 
slope atah, l l t y  
Ohaerve lands l ides ,  slope dis t r ibu t ions ,  abna-1 Photography 
moisture d is t r ibu t ions  Infrared Imagery 
"Plne-seale" rouehness 1 Photomaphg 
Var ia t ion .  i n  goniometric d i s t r i b u t i o n  of re f lec ted  
emitted rad ia t ion  and ana lys i s  of absorption( 
emission coef f ic ien ts  ll11d1il 
Infrared frared Ibdiometry magery 
Passive N i c r o r a ~ c  Radiometry 
, u c I o m I c A L  STrnIeS 
Observation and l e a s m e n n t  of ~ c e  fea tures ,  e.*. , 
Inventory of i c e  reaturea 
bergs,  g l a c i e r s  
- 
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Research in Remote Sensing Under t h e  Natural Reaoareea Space Applications Rogram" (NASA--75565). 
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S p e c t r a l  response is def ined  as t h e  amount of darkening produced by a 
s t anda rd  exposure of t h e  f i l m  t o  l i g h t  of a given wavelength. For a e r i a l  
photography, a high response t o  t h e  longer  wavelengths (green ,  yel low,  
and red)  is more u s e f u l  t h a n  a h igh  response t o  s h o r t e r  wavelengths (b lue ,  
v i o l e t ,  and nea r  u l t r a v i o l e t ) ,  s i n c e  t h e  l a t t e r  a r e  e a s i l y  absorbed and 
s c a t t e r e d  by haze. For t h i s  reason ,  t h e  camera l ens  o r  t h e  f i lms  must 
be equipped w i t h  a f i l t e r  t h a t  removes t h e  s h o r t e r  wavelengths (blue and 
v i o l e t )  t o  achieve  a c l e a r  image. 
Film l a t i t u d e  denotes  t h e  range of l i g h t  i n t e n s i t i e s  t h a t  can be recorded 
on t h e  f i lm.  Cont ras t  denotes  t h e  change i n  darkening o r  dens i ty  per  u n i t  
f r a c t i o n a l  change i n  exposure o r  l i g h t  i n t e n s i t y .  Inasmuch as t h e  use fu l  
range of d e n s i t y  i s  l i m i t e d ,  t h e s e  two q u a n t i t i e s  a r e  r e l a t e d .  The g r e a t e r  
t h e  c o n t r a s t  of a f i l m ,  t h e  l e s s  t h e  l a t i t u d e .  
PHOTOGRAPHY I N  THE NEAn INFRARED 
Near i n f r a r e d  is  t h e  r eg ion  of t h e  e lec t romagnet ic  spectrum denoted f o r  
most photographic purposes as t h a t  extending from 0.7 t o  about  1.0 micron. 
The s h o r t e r  wavelength (0.7 micron) i s  t h e  long-wavelength l i m i t  of t h e  
v i s i b l e  spectrum. 
t h e  upper l i m i t  recorded by i n f r a r e d  f i lm .  
The longer  wavelength (1.0 micron) is  approximately 
The equipment used f o r  near  i n f r a r e d  a e r i a l  photography is i d e n t i c a l  o r  
similar t o  convent ional  photographic equipment, except  f o r  t h e  f i l m s .  
Two t ypes  of i n f r a r e d  f i l m s  are commercially a v a i l a b l e .  One type  forms a 
b lack  and whi te  (monochrome) negat ive.  
r a d i a t i o n  over a broad band of wavelengths,  extending from some p o i n t  i n  
t h e  v i s i b l e  spectrum (0.4 t o  0.7 micron) out t o  about  1 micron. 
t h i s  f i l m  e x c l u s i v e l y  i n  t h e  i n f r a r e d  reg ion ,  t h e  camera must be equipped 
wi th  a f i l t e r  t h a t  r e j e c t s  r a d i a t i o n  of wavelengths s h o r t e r  t h a n  0.7 micron. 
The o the r  type  of commercial i n f r a r e d  f i l m s  has  t h r e e  s e n s i t i z e d  l a y e r s  
which a r e  s e n s i t i v e  t o  green,  r e d ,  and in f r a red .  Because t h e  t h r e e  dyes 
a r e  by n e c e s s i t y  o p t i c a l l y  v i s i b l e  c o l o r s ,  t h e  f i l m  is a f a l s e  c o l o r  f i lm.  
Although o r i g i n a l l y  developed t o  d e t e c t  camouflaged o b j e c t s ,  t h i s  f i l m  
now iS widely used i n  f o r e s t  survey  work. 
The f i l m  i t s e l f  is s e n s i t i v e  t o  
To use 
94 
MEDIUM AND FAR INFRAlEcD 1 IMAGING 
s are the only a 
tion optics can be used, while re 
designed usually for a variety of detectors, so that reflection-type op- 
tics are included in nearly all equipment. The images displayed .by one 
of these infrared devices are equivalent to temperature distribution maps 
of the object or surface observed. 
Figures 24 and 25 illustrate the infrared technique by recording thermal 
radiation of different targets at different times during the day. These 
photos were taken with the camera looking downward from an elevated 
platform, the water tower on the Davis campus of the University of  
California (Colwell , 1967). They illustrate fluctuations of emitted radia- 
tion of the targets, which have different heat capacities due to moisture 
contents, reflectance, surface, radiation, transpiration, convection, ab- 
sorbance, etc. The target materials, identiiied in Pig. 24, were selected 
for the purposes of  "calibrating" the interpretation of thermograms of 
abstract materials, the properties of which were somewhat familiar to 
the investigators, and materials which were expected to be found in the 
field area to be studied later. The study of the target array included the 
monitoring of surface temperature of each component of the array at the 
same time as the thermogram was recorded, which allowed correlation of  the 
image obtained with actua.1 temperatures. 
ous times of the day, a s  various target components were heated by the sun. 
The objective of the experiments was to ascertain the usefulness of thermal 
infrared sensing devices as one component of a multispectral reconnaissance 
Thermograms were taken at vari- 
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C E F  H I  
Figure  24. Simulated Aer i a l  Photo Taken wi th  Panchromatic Film and a 
I f r a t t en  12 F i l t e r  From t h e  Camera S t a t i o n  
A. 
B. 
C. 
D. 
E. 
F. 
G. 
H. 
Masonite Panels  
Aspha 1 t 
Concrete 
Gran i t e  
Lava 
Charcoal 
Black Painted Aluminum 
Shiny Unpainted Aluminum 
I. 
J. 
K. 
L. 
M* 
N. 
0.  
P. 
& *  
Garbage Can Half F i l l e d  wi th  Water 
Foamy Water (Detergent Added) 
Muddy Water 
Clear  Water 
Dry Dubakella S o i l  (Red) 
Moist Dubakella S o i l  (Red) 
Wet Dubakella S o i l  (Red) 
Heal thy Pine Seedl ings 
Dead Christmas Tree 
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Figure 25 .  Thermograms of the Davis Target Array Illustrating 
Diurnal Fluctuations of Fhitted Radiation 
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system intended to identify various features present on agricultural and 
forested lands. The equipment used for the study included a Barnes Infra- 
red Camera, having a wavelength sensitivity in the 
band, 
After completion of the tests of the target array, 
of the array were transported to Yosemite National 
positioned at Glacier Point, about 3200 feet above 
8- to 14-micron infrared 
the equipment and part 
Park. The camera was 
the floor o f  Yosemite 
Valley where the target was assembled. 
the valley, which illustrate diurnal fluctuations of the radiation emitted 
from various terrain features found there. Figure 27 is a panchromatic 
photo, and Fig. 28 is an Infrared 89B photo of the valley. They are in- 
cluded to permit comparison of familiar panchromatic photography with an 
infrared image of the same area. 
Figure 26 shows thermograms of 
The study performed by Colwell indicated that, while single thermograms 
might not yield useful information about terrain features, thermal infra- 
red images obtained at different times during the diurnal cycle of tem- 
perature fluctuations do provide a fairly uncomplicated tool for terrain 
study. The approach taken by Colwell to gain "calibration" and field data 
appears to be the most useful for relating ground truth to multispectral 
data, then correlating this with an unfamiliar area. 
A basic limitation o f  all successful infrared imaging devices developed 
so far is the time required to form an image. Each o f  these instruments 
employs a single detector. A pair of oscillating o r  rotating mirrors in 
the optical system is used to expose the detector sequentially to dif- 
ferent areas o f  the image. The electrical output of the detector is com- 
bined with electrical outputs from position indicators attached to the 
two moving mirrors to generate a visible representation of the image. 
The visible representation may be formed on photosensitive paper o r  on 
a cathode-ray tube. 
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Figure 26. Thermograms of Yosemite Test Site No. 1 Illustrating 
Diurnal Fluctuations of Enitted Radiation F r o c  Various 
Terrain Features 
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Figure 27. Yosemite Test Site No. 1 (Panchromatic Film) 
Figure 28. Yosemite Test Site No. 1 (Infrared 89B Film) 
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The time required to complete a scan cycle and form a complete picture 
of the image is determined by the time response of the detector and the 
desired resolutions of the finished picture. The semiconductor detectors 
used in the medium infrared range respond directly to the radiation by 
processes that are analogous t o  the photoelectric effect. 
have short response times, generally less than a microsecond. 
These detectors 
The thermocouple o r  resistance-type detectors, which are used at the long- 
er wavelengths, do not respond directly to the radiation, but rather to 
the heating effect produced by it. 
response times; on the order of a millisecond or longer. 
These detectors have relatively long 
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W!AR AND MICROWAVE IMAGERY 
I n  c o n t r a s t  t o  i n f r a r e d  imaging devices ,  where a i rborne  instruments  a r e  
no t  gene ra l ly  a v a i l a b l e ,  r ada r  technology has  included r e l i a b l e  a i rborne  
equipment f o r  many years .  
f o r  prospec t ing  purposes have no t  been developed, t he  r ada r  region of t he  
spectrum ( r e l a t i v e  long wavelengths, 1 t o  10 cent imeters )  should be mos t  
u se fu l  i n  a s c e r t a i n i n g  gross  physical  shapes of vege ta t ion .  Microwaves 
(0.1 t o  1 . 0  cent imeter)  have no t  been used under a i rborne  condi t ions ,  bu t  
have been widely used f o r  communication. 
Although techniques € o r  ana lyz ing  p l a n t  l i f e  
Radar i s  an a c t i v e  system, comprising both a source o f  r a d i a t i o n  and a 
d e t e c t o r .  The o the r  techniques discussed above r e l y  s o l e l y  on n a t u r a l  
sources  of r a d i a t i o n ,  such as r e f l e c t e d  s u n l i g h t  and thermal r a d i a t i o n  
from the  ea r th .  
t o  frequency, pulse  du ra t ion ,  and phase of p o l a r i z a t i o n .  Changes i n  
frequency and phase of p o l a r i z a t i o n  of t h e  r e f l e c t e d  s igna l  can be de- 
t e c t e d  r e a d i l y  and used as add i t iona l  a i d s  i n  i d e n t i f y i n g  o r  charac te r -  
i z i n g  the  t e r r a i n .  Travel  time between t h e  r a d a r  s e t  and the  ob jec t  can 
be accu ra t e ly  measured, hence d i s t ances  t o  var ious  ob jec t s  on t h e  ground 
and f e a t u r e s  of t he  t e r r a i n  can be determined without  t h e  use o f  s t e r eo -  
scopic  p i c t u r e s .  Because of t h e  long wavelengths of r ada r  waves, t h e  
r a d i a t i o n  w i l l  pene t r a t e  t o  some depth below the  su r face  of dry  s o i l .  
(Radar r e tu rns  have been obtained from rock l a y e r s  many f e e t  below t h e  
s o i l  su r f ace . )  
t r ansmi t t ed  without  apprec iab le  a t t enua t ion  by t h e  atmosphere, making a 
r ada r  s e t  an al l -weather  observat ion instrument .  
The radar  source is  accura t e ly  con t ro l l ed  wi th  r e spec t  
Most  r ada r  equipment opera tes  a t  wavelengths t h a t  a r e  
TO da te  many of t he  advantages of r a d a r  i n  a e r i a l  observa t ion  have no t  
been explo i ted .  Some work has been done i n  r e l a t i n g  t h e  p o l a r i z a t i o n s  
of t he  echo t o  t he  p l a n t  l i f e  and o ther  d e t a i l s  of t h e  t e r r a i n  (Morain 
and Simonett ,  1966). 
obtained wi th  r a d a r ,  t w o  o f  which a r e  shown i n  Fig. 29a and 29b. 
Even s o ,  some r a t h e r  i n t e r e s t i n g  p i c t u r e s  have been 
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Figure  29 shows two r a d a r  images of t h e  reg ion  around Mi l ford ,  i n  t h e  
Esca lan te  Val ley ,  Utah. 
po la r i zed  component of t h e  rece ived  s i g n a l  o r  echo, whi le  
image w a s  formed w i t h  t h e  v e r t i c a l l y  po la r i zed  component. 
t h e  t r a n s m i t t e d  s i g n a l  o r  source was h o r i z o n t a l l y  p o l a r i z e d ,  s o  t h a t  t h e  
n o t a t i o n  i s  des igna ted  by I3H and IN, r e s p e c t i v e l y ,  i n d i c a t i n g  t h e  p o l a r i -  
z a t i o n  of t h e  s i g n a l  and t h e  echo. 
be  formed i s  due t o  t h e  depo la r i z ing  e f f e c t  o f  t h e  t e r r a i n .  
The l e f t  image w a s  formed wi th  t h e  h o r i z o n t a l l y  
I n  both c a s e s ,  
The f a c t  t h a t  t h e  r i g h t  image could 
The r ada r  r e t u r n  p a t t e r n s  i n  t h e s e  images correspond p r i m a r i l y  wi th  
vege ta t ion  p a t t e r n s ,  and a l s o  t o  t h e  roughness of s u r f a c e  ma te r i a l  where 
t h e  shrubs are widely spaced. Sharp boundaries  i n  t h e  f i l m  d e n s i t y  a r e  
judged t o  be due t o  v e g e t a t i o n  changes, s i n c e  t h e  s u r f a c e  material under- 
goes only a gradual  change i n  p a r t i c l e  s i z e .  The absence of d i s t i n c t  
v a r i a t i o n s  i n  image t e x t u r e  mdies s e p a r a t i o n  of vege ta t ion  zones d i f f i c u l t ,  
s o  t h a t  f i l m  d e n s i t y  p a t t e r n s  were used f o r  v i s u a l  i n t e r p r e t a t i o n  of  t h e  
images. The a r e a s  marked A through €I were s t u d i e d  l a t e r  on t h e  ground 
t o  provide v e r i f i c a t i o n  of t h e  i n t e r p r e t a t i o n .  I n  g e n e r a l ,  vege ta t ion  
types  a r e  r e l a t e d  t o  condi t ions  of s o i l  t e x t u r e ,  s a l i n i t y ,  and depth ,  
which a l l o w s  r ecogn i t ion  of d i s t i n c t  e l e v a t i o n a l  zones. Spec ies  m e  seg- 
r ega ted  i n t o  zones,  b u t  he igh t  and geometry a r e  q u i t e  uniform. Shrubs 
are s m a l l ,  i n t r i c a t e l y  branched, i r r e g u l a r l y  deciduous,  and widely spaced. 
Dead bushes a r e  p l e n t i f u l  and o f t e n  remain i n t a c t .  
P r o b a b i l i t y  d e n s i t y  curves  were prepared t o  r e l a t e  d e n s i t y  o i  t h e  image 
t o  vege ta t ion  ty-pes on t h e  b a s i s  of t h e  f i e l d  i n v e s t i g a t i o n  (Fig.  30). 
The i n t e r p r e t a t i o n  i s  of i n t e r e s t  even w i t h  on ly  v i s u a l  examination of t h e  
images: 
d e n t a t a ) ,  w i t h  a l m o s t  no g ras s  unders tory ,  on a pebble  su r face .  
has b a r e  l and  w i t h  s e v e r a l  pockets  of sagebrush. S i t e s  E, F, and G conta in  
1 a r g e l y  shadsca le  ( A r t i p l e x  conf e r t i f  o l i a )  , over  f ine- tex tured  s o i l s .  
Area E ,  however, conta ins  a t i g h t  mosiac of o t h e r  shurb s p e c i e s ,  such as 
greasewood (Sarcobatus  vermiculatus)  and l i t t l e  r a b b i t  brush (Cryso-  
thamnus l a n a t a ) ,  and G conta ins  patches of saltgrass. 
area H w a s  n o t  c l e a r .  An aerial phctomosaic of t h e  same reg ion  i s  shown 
Areas A ,  B,  and C a r e  populated wi th  sagebrush ( A r t e m i s i a  tri- 
Area D 
I n t e r p r e t a t i o n  from 
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i n  F ig .  31. Morain and Simonett  conclude from t h i s  s tudy  t h a t  a combina- 
t i o n  of r ada r  imagery and a n a l y t i c a l  i n t e r p r e t a t i o n  techniqnes would be 
use fu l  i n  mapping vege ta t ion  zones i n  t h e  semiar id  p a r t  of t h e  United 
S t a t e s .  
F igure  32 shows a similar p a i r  (HH and IN p o l a r i z a t i o n s )  of r a d a r  images 
of t h e  region near  Horsef ly  Mountain i n  south-central  Oregon, a l s o  s t u d i e d  
by Morain and Simonett. 
p ine  f o r e s t  and low-lying shrub and grass .  The a reas  marked a r e  those  
s t u d i e s  by means of t he  p r o b a b i l i t y  d e n s i t y  curve technique appl ied  by 
t h e  i n v e s t i g a t o r s .  The curves a r e  shown i n  F ig .  33. Area A i s  marsh, 
B i s  dry p r a i r i e ,  and C i s  grass-shrub t r a n s i t i o n .  
s e c t i o n ,  and E r ep resen t s  fores t - shrub  t r a n s i t i o n .  
0-E t h e  i n t e r p r e t a t i o n  may be found i n  the  r e fe rence  c i t e d . )  
g r o s s  s i m i l a r i t y  between t h e  curves f o r  t h e  d i f f e r e n t  vege ta t ions  s tud ied  
i n  Utah and i n  Oregon; as t h e  authors  p o i n t  ou t ,  secondary peaks and 
minor v a r i a t i o n s  i n  the  shapes of t he  prepared curves a r e  important diag- 
n o s t i c  d i f f e rences  t o  be noted i n  vege ta t ion  ana lys i s  by t h i s  technique. 
This  reg ion  i s  covered wi th  a coarse mosaic of 
Area D i s  a f o r e s t e d  
(A complete d iscuss ion  
Note the  
Radar has been proposed as a general-purpose instrument  i n  o r b i t i n g  obser- 
va t iona l  s a t e l l i t e s ,  p a r t i c u l a r l y  f o r  s tudying weather,  by us ing  a wave- 
l eng th  t h a t  i s  r e f l e c t e d  by clouds and water  vapor (Rause, Waite, and 
Wal te rs ,  1965; Moore and Simonett ,  1967). To date, however, t he  power 
requirements of such a r ada r  system (about  a k i lowa t t )  have been t o o  high 
f o r  use i n  a s a t e l l i t e  powered by solar c e l l s .  
Table 19 p resen t s  a summary of t h e  parameters of var ious  types of remote 
sensors  b u i l t  o r  designed f o r  geologic experiments t o  be conducted from 
o r b i t a l  a l t i t u d e s  as of March 1966. The d a t a  was  compiled by t h e  U.S. 
Geological Survey f o r  p re sen ta t ion  i n  "Deta i led  P lan  and S t a t u s  Report  
of Unc la s s i f i ed  United S t a t e s  Geological Survey Research i n  Remote Sensing 
under the  Natura l  Resources Space Appl ica t ions  Program" (NASA-CR-75565). 
Some parameters n o t  d i scussed  above a r e  included,  b u t  whose dimensions 
appear se l f -explana tory .  
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Figure 31. Airphoto Mosaic of  Portion of  Escalante Valley,  Utah, Reduced 
t o  Scale  of  Radar Imagery (Morain and Simonett, loc  e i t ) .  
(a) FIH Polarization 
(b) HV Polarization 
Figure 32. K-Band Radar Positive Imagery f o r  the Vicinity of Horsefly 
Mountain, South-Central Oregon (Areas A through E represent 
the major film density and image texture classes which were 
utilized in preparing a tentative vegetakion map for this area), 
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! \  Area A-HV I 
Grass-Shrub Transition 
Forest 
Shrub or Forest-Shrub 
Transition 
Increasing Intensity- 
Figure '33. Probability Density Curves for 
Representative Vegetation Types 
(Film Densities) in South- 
Central Oregon 
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Figure  34 v i s u a l l y  r e p r e s e n t s  t h e  c o l l e c t i o n  of s p e c t r a l  d a t a  by s a t e l l i t e .  
The veh ic l e  depic ted  i s  t h e  Apollo Lunar Command Module, h u t  t h e  system 
of d a t a  c o l l e c t i o n  i s  g e n e r a l l y  app l i cab le .  The same system undoubtedly 
a p p l i e s  t o  d a t a  c o l l e c t i o n  from any s u r f a c e  from o r b i t a l  a l t i t u d e ,  u s ing  
t h e  electromagnet ic  spectrum. 
S E R V l  CE 
MODULE - 
-SCIENT1 
SURVEY 
Figure 34. P i c t o r i a l  Representa t ion  of Data Col lec ted  From 
Lunar Surface by S a t e l l i t e . *  
FI C 
MODULE 
*Reference: Pe te r  C.  Badgley, NASA, Proceedings of t h e  Third Symposium 
on Remote Sensing of Environment, The Un ive r s i ty  of Michigan, Ann Arbor, 
Michigan, p. 14 (1964). 
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CALIBRATION OR ESTABLISHMENT OF 
GROUND TRUTH 
I n  nea r ly  a l l  a e r i a l  surveying techniques,  it i s  necessary  t o  make care- 
f u l  observa t ions  of a s e l e c t e d  a r e a  on t h e  ground t o  provide a r e fe rence  
o r  c a l i b r a t i o n  po in t  f o r  t h e  survey map. 
c a l i b r a t i o n  i s  c a l l e d  “ground t,ruth.” The reason f o r  e s t a b l i s h i n g  t h i s  
po in t  of re ference  i s  t h a t  a l l  o f  t he  imaging techniques discussed pro- 
v ide  maps i n  which t h e  r e l a t i v e  darkening of any given incremented a r e a  
provides only a r e l a t i v e  measure of t he  i n t e n s i t y  of t h e  r e f l e c t e d  o r  
r a d i a t e d  electromagnet ic  r a d i a t i o n  from t h e  corresponding a r e a  on t h e  
ground. I n  the  d jscuss ion  of t he  Colwell work above, t h e  p r o j e c t  was 
o u t l i n e d  by which the  average temperatures of a po r t ion  of t he  t e r r a i n  
were measured. A t  t he  same t ime,  a thermogram of t h e  t e r r a i n  w a s  made. 
i 
The t echn ica l  term f o r  t h i s  
The establ ishment  of po in t s  of re ference  would a l s o  be performed, f o r  
example, a f t e r  a prel iminary mult isensor  survey of an a r e a  i n  which it 
i s  suspected t h a t  t he re  a r e  depos i t s  of some va luable  mineral ,  such as 
copper. The r e s u l t i n g  -Jegetation map may show seve ra l  a r eas  i n  which t h e  
vege ta t ion  appears d i f f e r e n t  from t h a t  i n  t h e  r e s t  of t h e  region.  This  
d i f f e rence  may be due t o  t he  presence of copper,  o r  t o  a de f i c i ency  of 
some o the r  mineral  o r  n u t r i e n t ,  such as phosphorus, n i t r a t e ,  o r  water .  
I t  may even be due t o  d i sease  o r  i n s e c t  i n f e s t a t i o n .  
observa t ions  and comparisons on the  ground of s e l e c t e d  s i t e s  i n  t h e  copper- 
Only by ca re fu l  
poisoned and otherwise denuded a reas  can one determine whether or no t  t h e  
suspected a reas  r e a l l y  conta in  copper. 
da ta -ga ther ing  systems and a n t i c i p a t e d  app l i ca t ions  t o  biogeochemical 
prospect ing.  Table 20 l i s t s  t h e  general  geo log ica l ly  o r i en ted  a c t i v i t i e s  
i n  which t h e  Nat ional  Aeronautics and Space Adminis t ra t ion i s  engaged as 
p a r t  of t h e  c u r r e n t  Apollo Applicat ions Program. 
F igure  35 presen t s  a summary of 
I n  summary of t h e  a p p l i c a t i o n  of remote sens ing  of t he  environment t o  
prospec t ing  by biogeochemical techniques,  t h e  fol lowing example i s  c i t e d .  
Diamond depos i t s  were discovered i n  the  Ydcutiya a r e a  o f  t h e  USSR. 
methods were appl ied  t o  l o c a t e  o ther  o r i g i n a l  sources  i n  t h e  Daldyn reg ion ,  
Aer i a l  
112 
1. Vegetation Density 
2. Grass-Brush-Timberland Interfaces 
3. Plant Species and Vigor 
4.  Soil Series, Temperature, and Moisture 
5. Irrigation Water 
6. Fire Detection 
7. Land Use 
8. Transportation and Linkages 
9. Settle and Population Movements 
To 1968 
1968-69 
1968-70 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
la. 
Remote sensor geologic mapping capability: Aerial overflight of 
terrestrial an4 oceanic sites to determine scientific significance 
of multispectral responses plus associated ground truth calibra- 
tion in laboratory and field. 
Earth orbital overflight of same geologic test sites: Overflight 
will permit additional cali’bration of sensors from orbital 
a1 ti tudes. 
Manned lunar orbital scientific survey carrying many of same sen- 
s o r s  used in earth orbit. 
traverses provide additional ground truth calibration. 
Apollo Applications Program ground 
Resources Utilization 
C 1 ima ti c Cond i t 1 ons 
Geomorphology 
Composition 
Structure 
Stratigraphy--Sedimentation 
Mineral Deposits 
Engineering 
Crustal-Mantle Studies 
Figure 35. Summary of Data-Gathering Systems Having Anticipated Applications to Biogeochemical Prospecting. 1 
TABLE 20 
(XRRENT AND FUTURE EXPERIMENTS FOR TERRESTRIAL AND LUNAR APPLICATIONS 
RELATING CURRFNT MANNED SPACE RESEARCH AND TECHNOLOGY MISSIONS 
AND F U T W  APOLLO APPLICATIONS P R O G d  EFFORTS’ 
’From data prepared by the U.S. Geological Survey, presented by P. C. Badgley 
2Apollo Applications Program was formerly termed Apollo Extension Systems. 
’Reference: 
and The Proceedings o f  the Fourth Symposium on Remote Sensing of Environment, 
Michigan University, p. 557 (1966). 
Peter C. Badgley, Proceedings of  the Third Symposium on 
Remote Sensing of Environment (1964). 
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a f t e r  some exp lo ra to ry  experiments. 
diamond-bearing p ipes  because of noted s i m i l a r i t i e s  t o  known depos i t s  was 
photographed a t  a s c a l e  of 1:15,000, u s i n g  panchromati 
and spec t razonal  f i l m s .  The photos were made i n t o  an 
The a r e a  suspec ted  of conta in ing  some 
Aeromagnetic surveys were performed i n  synchroniza 
camera s o  t h a t  t h e  magnetic d a t a  could be e a s i l y  r e l a t  
of t h e  same a r e a .  
g e o l o g i s t ,  a geobo tan i s t ,  and a geophys ic i s t ,  who app l i ed  t h e  magnetic 
d a t a  thus e l i m i n a t i n g  a g r e a t  deal of f i e l d  work. 
l i t e  i d e n t i f i c a t i o n  found vas t h e  c h a r a c t e r i s t i c  image p a t t e r n  of asso- 
c i a t e d  vege ta t ion .  (Kimljcrlite weather ing forms a r i c h  s o i l  which suppor ts  
a dense f o r e s t  of a l d e r  and l a r c h ,  d rama t i ca l ly  c o n t r a s t i n g  wi th  t h e  s p a r s e  
t a i g a  growth of t h e  r eg ion . )  
which i l l u s t r a t e s  t h e  advantage of combining s e v e r a l  techniques t o  t h e  
s o l u t i o n  t o  a prospec t ing  problem (Kobets and Komarov,  1959). 
The d a t a  were checked by a f i e l d  t eam,cons i s t ing  of a 
The key f o r  t h e  kimber- 
Three new pipes  were discovered i n  t h i s  s tudy ,  
PROJECTBD FUTURE DEWEZOPMENTS I N  AERIN, 
OBSERVATION TECHNI QUES 
The g r e a t  advantage of a e r i a l  observa t ion  i s  t h a t  a l a r g e  amount of i n f o r -  
mation can be c o l l e c t e d  and recorded i n  a s h o r t  time and a t  a n e g l i g i b l e  
c o s t  i n  comparison t o  ground observa t ion .  To e x p l o i t  t h i s  advantage pro- 
p e r l y ,  it w i l l  be necessary  t o  develop techniques f o r  r a p i d ,  a c c u r a t e ,  
ins t rumenta l  a n a l y s i s  of t h e  da ta .  
Some i n t e r e s t i n g  work along t h i s  l i n e  has a l r e a d y  been r epor t ed  by 
Vinogradov (1963). 
va ry ing  d e n s i t i e s  on a e r i a l  photographs. A p l o t  o r  r eco rd ing  was  made o f  
t h e  photometer ou tput  vs p o s i t i o n  along t h e  scan  l i n e ,  t h  n a s t a t i s t i c a l  
I n  t h i s  work, a microphotometer was used t o  scan t h e  
o t  and a c o r r  a t i o n  was  ob a ined  w i t h  t h e  
ees  and shrub on t h e  ground. Severa l  
e r e  computed and ompared f o r  a r e a s  on t h e  photo- 
s were known o n s i s t  of pure s t ands  of tamarisk 
or of sand acacia. 
vegetation were sufficiently different to permit them to be eas 
distinguished. 
The parameters corresponding to these two types 
This Russian work represents a first step in 
ized technique for aerial surveying. The nex 
record the electrical signal directly by equipping the aircraft with an 
optical scanning device and a photocell. The electrical signal would be 
recorded on magnetic tape and subsequently analyzed with a computer, 
A more sophisticated approach involves the use of a multichannel optical- 
mechanical scanner, as described by Tundgrelie and Phillips (1967). In 
this concept, a slit image is scanned by a rotating o r  oscillating mirror. 
The bean is resolved according to wavelength by a prism o r  grating spec- 
trometer, and applied to several detectors. Each detector thus responds 
to a narrow-wavelength band in the 0.4- to 1.0-micron range. The detector 
outputs are recorded on a multichcnn-1 tape recorder. A part'critar species 
of  vegetation, such as an agricultural crop, will have a characteristic, 
unique signature consisting of a particular spectrum of reflected radiation. 
In the subsequent analysis, a computer can be programed to recognize these 
signatures and print out a plot of the land areas carried by each of the 
species in question. 
Althoiigh the primary application of this concept has been the efficient 
execution of agricultural surveys, it seems clear that it could be applied 
profitably to biogeochemical surveying and prospecting, provided that 
further investigation reveals the existence of multiband signatures of 
indicator or accumulator plants which indicate the presence of minerals. 
The approach of  Vinogradov (i963), in which a detailed analysis is made 
of the texture of the strip of image, and the approach described by 
Tandgreke and Phillips (1967), in which a spectrum analysis is carried 
out f o r  each incremental area of the image, could conceivably be combined 
and automated f o r  analysis by an airborne computer. The overflight and 
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t h e  a n a l y s i s  of t h e  d a t a  would be simultaneous 
would occupy l e s s  space,  weigh l e s s ,  r 
l i a b l e  and t rouble- f ree  than  a mu1 
A t e l e v i s i o n  came 
f e a s i b l e  prospect ing 
probes f o r  convert ing an image t o  an  e l  
and subsequently te lemetered t o  a t e r r e s t r i a l  r e c e i v i n g  s t a t i o n .  This  
camera's mode of opera t ion  i s  analogous t o  a conventional photographic 
camera. 
b r i e f l y  t o  t h e  image t o  be recorded. 
l a t e n t  image, i s  scanned by sweeping it wi th  an e l e c t r o n  beam. The 
e l e c t r i c a l  output  corresponds t o  t h e  i n t e n s i t y  of t h e  i l l u m i n a t i o n  of t h e  
image a t  t h e  p o i n t  touched by t h e  e l ec t ron  beam. 
been read ou t  i n  t h i s  way, t h e  s e n s i t i v e  su r face  i s  again ready t o  s t o r e  
another  l a t e n t  image. 
The s e n s i t i v e  su r face  of t h e  v id i con  o r  orthocon i s  exposed 
The su r face ,  which now s t o r e s  t h e  
A f t e r  t h e  image has 
The t e l e v i s i o n  camera i s  i d e a l l y  s u i t e d  f o r  an e l e c t r i c a l  readout  of t h e  
image, e i t h e r  i n t o  a tape  recorder  or d i r e c t l y  i n t o  a computer. I n  com- 
mercizl  t e l e v i s i o n  i n  t h e  United S t a t e s ,  t h e  scanning r a t e  and p i c t u r e  
r e p e t i t i o n  r a t e  i s  30 t imes per  second. F o r  a e r i a l  observat ion and pros- 
pec t ing  work, a much slower r e p e t i t i o n  r a t e  would be used. A s  i nd ica t ed  
previously,  the  image r e p e t i t i o n  rate would be d i c t a t e d  by t h e  f i . e ld  of 
view, t h e  speed o'i t he  a i r c r a f t  o r  s a t e l l i t e ,  and t h e  amount of overlap 
d e s i r e d  between p i c t u r e s .  
of 0.5 t o  1 image per  second. 
Typical r e p e t i t i o n  r a t e s  would be i n  t h e  range 
The present  s t a t u s  of r ada r  and microwave equipment f o r  u t i l i z a t i o n  i n  
a e r i a l  observa t ion ,  discussed previously,  can be extended. P r e s e n t  l i m i -  
t a t i o n s  on t h e  use of r ada r  a r e  t h e  unsolved ( a s  y e t )  problems of i n t e r -  
p r e t a t i o n  and, t o  a smal le r  degree,  t h e  expense, weight,  and power 
Because of t h e  requi red  power, no u n c l a s s i f i e d  observat ional  
s a t e l l i t e s  used by t h e  United S t a t e s  c a r r y  r ada r  equipment. 
r ada r  systems have been proposed f o r  s a t e l l i t e  u se  t h a t  have ve ry  modest 
However, 
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power requirements (Moore and Simonett, 1967), and computer analysis of 
the data would facilitate and improve the concept. 
\ 
A detailed discussion of the possible future improvements 
been given by Rouse, Waite,. and Walters (1965).- 
PHYSICAL AND BIOLOGICAL LIMITATIONS 
Certain limitations on what can be ultimately done by aerial observations 
are imposed by the known laws of nature. The more important of these 
limitations and their probable implications are stated briefly below. 
The attenuation of electromagnetic radiation of some wavelengths of 
light by the atmosphere is a serious handicap. 
not attmuated is the one including visible and near-infrared light, and 
extends from about 0.4 to about 1.0 micron. Below 0.4 micron, the atten- 
uation rises rapidly, a phenomenon that rules o u t  ultraviolet or X-radiation 
as a possible means o f  observation. In the infrared regions, there are 
several "windows" separated by absorption band due to water vapor, carbon 
dioxide, molecular oxygen, and molecular nitrogen. There are absorption 
bands in the microwave and radar regions as well. The various bands of 
radar equipment now in use have been chosen to operate in the atmospheric 
windows between the absorption bands. 
observe clouds, rainstorms, and tornadoes is designed to exploit the at- 
tenuation and scattering of water vapor and clouds. 
The most important band 
-
However,. radar equipment used to 
Diffraction effects, due to the finite wavelength of the radiation, re- 
present an ultimate limit on resolution. 
by other considerations in each o f  the instruments discussed. 
At present, resolution is limited 
According to present knowledge, the usefulness of  plants as mineral indi- 
cators is limited by the subtlety o f  responses of plants to changes in 
environment. 
ation or reflection spectra characteristic of the minerals, but these 
effects have not been studied. In general, the plant is either healthy 
or sick, and presence o f  mineral deposit cannot be deduced only from an 
observed abnormality in the plant cover. 
sent are of value, however. Plant symptoms must be studied in detail to 
ascertain whether a more direct relationship between mineralization and 
optical effects of plants does exist. 
The uptake of minerals in the foliage may produce attenu- 
Clues that minerals may be pre- 
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CONCLUSION 
There is considerable prospecting advantage to be gained by the judicious 
application of biogeochemical techniques to the problems of locating min- 
eral enrichments. The over-view advantage of loeating areas from altitude, 
which are promising for prospecting on a more intense basis, calls for the 
combination of geobotanical knowledge and remote sensing skills, with other 
techniques such as  geophysical measurements. Such combined techniques can 
be invaluable in eliminating many huge undeveloped areas as mineralogically 
unpromising and, better, in pointing out specific locales as worthy of 
ground exploration. Intensive, ground-based prospecting can be greatly 
facilitated by the use of accumulator plants to "sample" soils, so that 
chemical analysis of .the plants gives a better chemical picture of the area 
sampled. Indicator plants and the geobotanical technique can be applied by 
knowledgeable practitioners to delineate ore bodies much more quiclrly and 
easily than other conventional methods. Biogeochemical prospecting, like 
other types, is not the substitute for hard work in the field; it can great- 
ly reduce the intensity and quantity o f  the work in areas to which it is 
applicable. 

APPLICATIONS AND RECOMMENDATIONS 
Modern prospectors face problems not encountered by earlier seekers of 
valuable mineral materials, because most of the easily located and re- 
covered minerals have already been found and exploited, 
hand, modern prospectors have at their disposal tools for facilitating 
the location of hidden minerals which were undreamed of by earlier pros- 
pectors, and which are the products of modern technology. The application 
of a combination of disciplines into the hybrid science termed biogeo- 
chemistry has gained momentum in recent decades, bringing the benefit of 
research into the overlapping areas o f  geology, biology, and chemistry. 
Some practitioners of this hybrid science have begun to crystallize the 
bits and pieces of information regarding the interaction of environment 
and living organisms into a prospecting tool. While this particular pros- 
pecting method is still undergoing the slow refinement process any new 
system must, it has been demonstrated t o  be a most useful addition to 
prospecting methods. 
On the other 
Like any tool, biogeochemical prospecting is at optimum efficiency in the 
hands of skilled personnel who possess at least a rudimentary knowledge 
of the advantages and limitations of the method, so that effort will not 
be wasted in applying the technique where another method would be more 
valuable. Since the major portion of the earth's available land surface 
is covered with some sort o f  vegetation, and since vegetation depends 
upon the soils supporting it for nutrients, the chemical or morphological 
aberrations caused by abnormal nutrient supplies to vegetation in specific 
regions are an obvious means of monitoring soils. The pitfalls in this 
observation arise in the necessity to sort out aberrations due to topo- 
graphy, altitude, latitude, and other variables not related to geological 
anomalies. 
economical biogeochemical prospecting, like any other kind, be conducted 
by prospectors with the realization that biogeochemistry is an adjunct to, 
not a substitute for, other prospecting methods. 
This necessity is the factor which requires that practical, 
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Perhaps the most spectacular new developments in the modernization of 
the prospecting art into a science have come in the areas of remote 
sensing. These new developments are in interpretation, in the devices 
used for recording data for evaluation of the earth for promising pros- 
pecting areas, and in the means of transporting the devices to a vantage 
point above the earth from which data may be collected. 
effort has been supported by the National Aeronautics and Space Admin- 
istration. The advantage of observing huge areas of the earth at one 
time from orbital altitude has led to a whole new concept in geological 
mapping. and in the application of biogeochemical knowledge to aid the 
geologists in interpreting data from vegetation-covered areas. The ul- 
timate application of aerial observation to prospecting will be the 
ability t o  relate data from the entire multispectral arsenal of instru- 
ments t o  the rock -+ soil -, plant cycle, so that deductions about rocks 
(and minerals) can be made from data on plants. 
ledge of tile rock-soil-plant interrelationship. 
Most of this 
This takes broad know- 
A summary o f  the biogeochemical contribution to an overall technique for 
prospecting may be o f  value to facilitate the formation of guidelines 
for advancing the art and incorporating it into an overall technology. 
The advantages and disadvantages, and a few pitfalls, are summarized in 
Table 21. 
There appears to-be no organized effort in the United States at the pre- 
sent time aimed at creating a usable technology for prospecting from the 
separate advances being made in the areas of biogeochemistry, chemical 
analysis in the field, geobotany, and remote-sensing techniques. Efforts 
in each of these individual techniques apparently are not suffering, how- 
ever, since advances are being made in general, if not specifically, f o r  
prospecting. 
analytical methods useful in the field for chemical analysis of fuels, 
soils, pollutants, and other materials of modern importance, and techniques 
for mapping. 
Examples of this progress may be found in the emphasis on 
Using photographs taken from NASA's Gemini 9 spacecraft, a 
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TABLE 21 
SUMMARY OF THE BIOGEOCHEMICAL TECHNIQUE 
Plant Analysis 
(Plants analyzed and results mapped) 
Zdvantages 
I. 
2.  
3 .  
4. 
5. 
Vegetation samples are much 
lighter in weight than soil sam- 
ples of comparable representation. 
Plants can reflect mineralization 
in a larger area than a soil 
sample. 
Deep roots of plants can sample 
ore disncrsion halos not acces- 
sible by surface-soil sampling. 
In densely overgrown areas, bio- 
geochemical techniques may be 
very much faster, both for pro- 
curing and transporting samples, 
than other methods. 
Analysis of plant ash has fewer 
interferences than soil samples. 
Disadvantages 
1. For best interpretation, plants 
which are analyzed should be 
identified and something known 
o f  their root habits. Few geo- 
logists sre botanically know- 
ledgeable. 
and the general chemistry of the 
elements sought, have marked ef- 
fects on uptake of minerals by 
plants. 
Knowledge of useful plants is 
limited 
2.  Variables, such as soil acidity 
3. 
Geobotanical Mapping 
(Plants identified, and their presence 
and density mapped) 
Advantages 
1. 
2. 
3. 
4. 
5. 
Absolute knowledge of identity of 
plants need not be known if min- 
eralization causes differences 
over a small area in the same 
plant. 
The relationships between types of 
vegetation, if known, can delineate 
types of geological formations to 
locate mineral-likely rock areas, 
Aerial use of remote-sensing tech- 
niques can drastically cut time and 
effort needed to locate suspected 
mineralized areas. 
Specific indicator plants can quicli- 
ly pinpoint ore-body locations, 
Multispectral techniques are rapidly 
becoming sophisticated. 
Disadvantages 
1. Specific and general botanical 
knowledge is required for optimum 
application of geobotany. 
2. Little is known about plant-soil- 
mineral relationships in general. 
3. Remote sensing data on plant-soil- 
ore fingerprints is scant. Know- 
ledge lags behind the instrumentatior 
technology. 
- 
1:1,000,000-scale photomap of Peru, Bolivia, and Chile was prepared, 
from which some terrain structures were discovered for the first time, 
This and other exercises performed on data from Gemini and Mercury mis- 
sions have led the National Aeronautics and Space Administration and the 
Department of Agriculture to collaborate on deriving a set of specifi- 
cations for an initial earth resources satellite which will provide data 
useful in earth exploration (Fischer, 1967). 
Already, a large quantity of advanced technology is available which can 
be applied to biogeochemical prospecting. 
tion teams, for example, are applying some of this technology to evolve 
coherent prospecting efforts involving amalgamation of all of the scienti- 
fic disciplines that can contribute to the solution o f  immediate problems. 
Canadian and Russian explora- 
The effort to evolve a coherent biogeochemical science is to be recommended. 
Development of such an advanced prospecting technology will require the 
acquisition of data relating general properties of plant types to general 
mineral properties, of acidity, etc., and the correlation of this relation- 
ship to parameters measurable by remote sensing. An organized, coordinated 
effort t o  procure this data would greatly accelerate the useful application 
of biogeochemistry to prospecting. 
of vegetation, with and without associated mineralization, would seem to 
be a logical area of attention. 
Acquisition of specific "fingerprints" 
During preparation of this survey, biogeochemistry applications other 
than t o  prospecting were discovered o r  deduced. The mapping of human 
and animal disease as related to the biogeochemistry o f  staple food plants, 
and of water supplies used t o  nurture them, may be of utmost urgency in 
all the countries of the earth, particularly the over-populated, under- 
fed ones, 
specific aid to health is acknowledged on every food label giving tlminimum" 
daily requirements" of minerals and vitamins. The fact that the selenium- 
concentrating Astragalus plants are the locoweed, known to kill stock, is 
The importance of trace elements in food as a general and 
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harsh evidence for the importance o f  awareness of the chemistry of farm 
soils and food plants, for  humans or for grazing stock. 
may help identify new food crops, or places t o  grow known ones, 
Biogeochemistry 
Additional applications await exploration, such as the use of biogeo- 
chemical techniques in the tracing and even in the reduction of pollnt- 
ants in our national waters asd on land, if not in the atmosphere. The 
physical control o f  mine wastes, sewage discharges, and arid sand-covered 
land may be a dividend from concentrated study. Other returns from a 
pursuit of biogeochemistry will undoubtedly become evident as the tech- 
nology develops. 
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72.60 
197.0 
178.50 
4.003 
164.94 
1.0080 
114.82 
126.91 
192.2 
55.85 
83.80 
138.92 
207.21 
6.940 
174.99 
24.32 
54.94 
Element 
Mendelevium 
Mercury 
Molyhdenum 
Neodymium 
Neon 
Neptunium 
Nickel 
Niobium 
(Columbium) 
Nitrogen 
Osmium 
Oxygen 
Pa 1 ladium 
Phosphorus 
Platinum 
Plutonium 
Polonium 
Potassium 
Praseodymium 
Promethium 
Protactinium 
Radium 
Radon 
llhenium 
Rhodium 
Rubidium 
Ruthenium 
Samarium 
Scandium 
Selenium 
si 1ieon 
Silver 
Sod\wn 
Strontium 
Sulfur 
Tantalum 
Technetium 
Tellurium 
Terbium 
Thallium 
Thorium 
Thulium 
Tin 
Titanium 
-sten 
Uranium 
Vanadium 
Xenon 
Ytterbium 
Yttrium 
Zinc 
Zirconium 
3ymbo 1 
Md 
Bg 
Mo 
Nd 
Ne 
NP 
Ni . 
Nb 
N 
O S  
0 
w 
P 
Pt 
pu 
Po 
IC 
Pr 
F?n 
Pa 
Ra 
Iln 
ne 
Rh 
Rb 
RlI 
sm 
sc 
Se 
si 
na, 
Na 
Sr 
S 
Ta 
Tc 
Te 
Tb 
T1 
Th 
Tm 
sn 
Ti 
W 
U 
v 
Xe 
yb 
Y 
zn 
Zr 
Atomic 
rlumber 
10 1 
80 
42 
60 
10 
93 
28 
41 
7 
76 
8 
46 
15 
78 
94 
84 
19 
59 
61 
91 
88 
86 
75 
45 
37 
44 
62 
21 
34 
14 
47 
11 
38 
16 
73 
43 
52 
65 
81 
90 
69 
50 
22 
74 
92 
23 
54 
70 
39 
30 
40 
Atomic 
Weight 
(256) 
95.95 
200.61 
144.27 
20.183 
(237) 
58.71 
92.91 
14.008 
190.2 
16 
106.4 
30.975 
195.09 
(242) 
210 
39.100 
140.92 
(145) 
231 
226.05 
222 
186.22 
102.91 
85.48 
101.1 
150.35 
44.96 
78.96 
28.09 
107.880 
22.991 
87.63 
32.066 
180.95 
(99) 
127.61 
158.93 
204.39 
232.05 
168.94 
118.70 
47.90 
183.86 
238.07 
50.95 
131.30 
173.04 
88.92 
65.38 
91.22 
'Values in parentheses are mass numbers of longest-lived o r  best-known isotopes 
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